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MOLECULAR ASPECTS OF THE LINK BETWEEN OBESITY, INSULIN RESISTANCE 
AND BREAST CANCER 
Michael Georg Weichhaus BSc (Hons.), MSc 
A thesis presented for the Degree of Doctor of Philosophy 
 
Abstract 
Obesity is a multi-factorial metabolic disease, resulting in increased adipose tissue 
acquisition by the host. This disease increases the risk for developing co-morbidities, 
including Metabolic Syndrome and other disorders such as breast cancer. Obesity, and 
particularly abdominal obesity, is characterised by metabolic changes, including 
chronically elevated insulin concentrations and aberrant secretion of cytokines released 
from fat tissue, called adipokines. Epidemiologically, the risk of developing 
postmenopausal breast cancer is increased in obese individuals. The molecular link 
between obesity and breast cancer however is not well understood. The study presented 
here aimed at identifying the molecular mechanisms involved in this link, by testing the 
hypothesis that high insulin concentration and certain adipokines may promote breast 
cancer progression and/or breast cancer aetiology. 
 
A cell culture system of breast cancer cells and breast epithelial cells was employed to 
investigate changes in cell proliferation, activation of cell signalling pathways, cell 
cycle progression and apoptosis after treatment with insulin, leptin, TNF-α, adiponectin 
and IL-6. 
 
In MDA-MB-231 breast cancer cells, insulin treatment did not affect cell proliferation, 
cell cycle or apoptosis. Conversely, IR-phosphorylation, AKT-phosphorylation and 
ERK1/2-phosphorylation were all significantly increased. Microarray analysis indicated 
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several important changes in gene expression with insulin treatment. Leptin treatment 
increased proliferation by 21%. Additional analyses of the effect of leptin indicated that 
neither the PI3-kinase pathway nor the MAP-kinase pathway was involved in mediating 
this effect. Treatment with TNF-α increased apoptosis, but did not affect cell 
proliferation or activation of cell signalling pathways. 
 
In MCF-10A breast epithelial cells, cell proliferation increased after insulin treatment 
by 180%. IR-phosphorylation, AKT-phosphorylation and ERK1/2 phosphorylation 
were all significantly increased while early apoptosis decreased after insulin treatment. 
Analysis of cell cycle however did not indicate a change in progression. Microarray 
analysis indicated that insulin treatment may increase expression of genes related to 
cancer growth. Leptin treatment increased cell proliferation and also increased ERK1/2-
phosphorylation, while AKT-phosphorylation was not affected. Leptin did not change 
cell cycle progression. TNF-α treatment increased cell proliferation and also increased 
ERK1/2 phosphorylation, while AKT-phosphorylation was not changed. TNF-α 
treatment tended to increase apoptosis, the change however was not statistically 
significant.  
 
In SK-BR-3 breast cancer cells, cell proliferation did not change after insulin treatment. 
IR-phosphorylation and AKT-phosphorylation increased after insulin treatment, while 
ERK1/2-phosphorylation decreased. Gene expression of cyclin D and cyclin E 
increased with insulin treatment, while apoptotic rate and cell cycle profile were also 
not affected. Cell proliferation increased by 115% after treatment with 100 ng/ml leptin. 
ERK1/2-phosphorylation however decreased, while AKT-phosphorylation tended to 
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increase, but the change was not statistically significant. Cell cycle profile was not 
affected by leptin treatment, G1-phase however tended to increase, but the change was 
again not statistically significant. Cell proliferation increased by 59% after 48 h 
treatment with 10 ng/ml TNF-α. AKT-phosphorylation and ERK1/2-phosphorylation 
increased with TNF-α treatment. Cell cycle analysis showed a decrease in S-phase and 
G2-phase, indicative of a decrease in cell cycle progression. 
 
These results indicate that none of the examined obesity-related factors is convincingly 
identified as the main molecular link between obesity and postmenopausal breast 
cancer. Conversely, all treatments affected each of the cell lines in, at least, one of the 
examined aspects. This indicates that many of the obesity-related factors may affect 
breast cancer and that a single breast tumour may utilise a unique combination of those 
factors to promote growth. All treatments increased proliferation in MCF-10A breast 
epithelial cells, with additional analysis generally supporting growth promotion. Insulin 
treatment particularly increased cell proliferation, while leptin and TNF-α increased 
MAP-kinase signalling. This may indicate that insulin and adipokines may have a 
higher impact on breast cancer aetiology than on breast cancer progression. 
 
Key words: Obesity, insulin resistance, breast cancer, adipokines, cell proliferation, cell 
signalling pathways, cell cycle, apoptosis 
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1.1.1 Definition and measurement of obesity 
Obesity is a disease in which an individual accumulates excessive amounts of body fat. 
Men are obese if more than 25% of their body weight is fat tissue and women if more 
than 33% of their body weight is comprised of fat tissue (Haslam and James, 2005). Fat 
tissue is widely distributed across the body; its main storage is subcutaneous. Fat tissue 
is however also found intra-abdominally. This makes direct quantification of body fat 
tissue difficult and several models are in use to estimate body fat percentage (Table 
1-1). Some of these models have themselves become definitions for obesity (WHO, 
1995). The body mass index (BMI) is one of these models and is defined as the weight 
of the person in kilograms divided by the square of the height of the person in meters. 
BMI can then be used to calculate body fat percentage using this equation: 
(1.2 x BMI) + (0.23 x age) − 5.4 − (10.8 x gender)  
with gender being 1 for men and 0 for women (Deurenberg et al., 1991). 
Rather than using this lengthy equation the World Health Organisation determined BMI 
cut-off values to be used in order to define individual obesity directly. BMI values to 
define underweight (<19.5 kg/m
2





) and obesity (>30 kg/m
2
) have been set (WHO, 1995). While for the general 
population BMI correlates reasonable close with body fatness, it has some limitations 
for certain populations (Caterson and Gill, 2002). As BMI cannot distinguish between 
lean and fat mass, populations with increased muscle mass, such as professional athletes 
and body builders may be misclassified as overweight or obese. Likewise the elderly 




disproportionately to their fat tissue. Additionally, in populations that do not change 
weight and height in a linear way, i.e. in children and adolescent, BMI may lead to 
exaggerations of rates of overweight and obesity (Speakman, 2004). 
 
Intra-abdominal fat, i.e. fat tissue that accumulates around the organs of the abdomen, 
tends to be more important for obesity-related disease susceptibility than overall obesity 
as measured by BMI (see section 1.1.5). Thus measurements to estimate this proportion 
of body fat have been established. Waist circumference and waist-to-hip ratio are 
commonly used (Table 1-1). Exceeding certain waist circumference values (>102cm for 
men and >88 cm for women) and waist to hip ratios (>0.9 for men and >0.85 for 
women) increases the risk of mortality and morbidity for cardiovascular disease (see 
sections 1.1.5.1 and 1.1.5.3). Waist circumference is also the determining factor in the 
identification of individuals with Metabolic Syndrome (see section 1.1.5.2). These cut-
off points are also used in addition to BMI to define obesity, but especially in the 
context of identifying individuals at particular risk of developing obesity associated co-
morbidities (Reaven, 1988; Reaven, 1993). For the study presented here, the term 
“obesity” will be used to refer to a BMI of 30 kg/m2 or above, unless otherwise stated. 
In addition to these measurements a number of different methods to identify obesity are 








Table 1-1: Methods for measuring body composition to evaluate body fatness and obesity, 
defined as exceeding a gender specific body fat percentage (adapted with extension from 
Kopelman, 2000) 
Method Definition Advantages and Limitations 
BMI Weight in kilograms divided by square 
of height in meters 
BMI correlates strongly with densitometry 
measurements of fat mass, does not 
distinguish between lean and fat mass, 
requires only standard equipment for weight 
and height measurement, low observer error 
Waist 
circumference 
Measured (in centimetres) at midpoint 
between lower border of ribs and 
upper border of the pelvis 
Waist circumference and waist-to-hip ratio 
provide measurements for assessing upper 
body fat disposition; neither provide precise 
estimates of intra-abdominal fat, only tape-




Waist circumferences divided by 
circumference (in centimetres) at 
widest gluteal hip expansion 
Skinfold 
thickness 
Measurement of skinfold thickness (in 
centimetres) with callipers at multiple 
sites of the body 
Potential for considerable observer error; only 
measures subcutaneous fat, requires purchase 
of specific equipment 
Bioimpedence Based on the principle that lean body 
mass conducts currents better that fat 
mass as it is basically an electrolyte 
solution; the resistance to a weak 
current across extremities is measured  
Simple and practical in use, similar sensitivity 
of estimating body fat compared to 
anthropometric measurements, unsuitable for 
certain individuals, requires purchase of 
specific equipment, low observer error 
Displacement Body composition is calculated by the 
amount of water or air displaced 
Allows accurate calculation of total body fat, 
similar to imaging techniques (Fields et al., 
2002; Lockner et al., 2000), requires purchase 
of specific equipment at high cost, low 
observer error 
Imaging Dual energy X-ray absorptiometry 
(DEXA) scan; magnetic resonance 
imaging (MRI) 
Allows accurate calculation of total body fat 
and its distribution; impractical for routine 





1.1.2 Prevalence of Obesity 
There has been a dramatic increase in the prevalence of obesity over the past 30 years, 
especially in western societies but also in certain “poorer” societies. Obesity is not 
discriminatory of gender, age or ethnicity, its prevalence is increasing in all population 
groups. Obesity rates however are higher in females compared to males, increase with 
age and are higher in certain ethnic minorities compared to the general population. The 
latest figures from the United States show that, at the end of 2004, 31.2% and 33.2% of 
US males (♂) and females (♀) are classified as obese, respectively using the BMI 
definition of >30 kg/m
2
 (Ogden et al., 2006). Compared to earlier data, the prevalence 
of obesity in adults in the various National Health and Nutrition Examination Surveys
1
 
(NHANES) has increased from 10.4% (♂) and 15.9% (♀) of the population in 1960 to 
31.1% (♂) and 33.2% (♀) in 2004 (Figure 1-1). Around two-third (70.8% (♂) and 
61.8% (♀)) of the adult US population are now either overweight or obese. Interestingly 
it seems that in men only obesity rates have increased, while the overweight category 
has remained unchanged, keeping at around 40% of the US population. In women 
however both obesity and overweight have increased simultaneously (Figure 1-1 and 
references therein). Additionally, women in certain sub-populations and ethnic 
minorities tend to be affected worse by obesity. In the NHANES 2005-2006 survey 
approximately 53% of non-Hispanic black women and 51% of Mexican-American 
women, 40-59 years of age, were obese, compared with about 39% of non-Hispanic 
                                                 
1
 The NHANES trials were the National Health Examination Survey (NHES I) in which data 
was collected between 1960-1962, the National Health and Nutrition Examination Surveys I & 
II & III (NHANES I, 1971-1974; NHANES II, 1976-1980; NHANES III, 1988-1994), the 
Hispanic only survey (HHANES, 1982-1984) and three additional surveys with data collected 
between 1999-2000, 2001-2002, 2003-2004. The population sample is thought to accurately 
reflect the US-population. All surveys were conducted by the National Center for Health 




white women of the same age. Among women 60 years and older, 61% of non-Hispanic 
black women were obese compared with 32% of non-Hispanic white women and 37% 
of Mexican-American women. This ethnicity difference was not observed in men 
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Figure 1-1: Overweight and Obesity prevalence in the NHANES study cohorts in the USA in 
A) men and B) women between 1960 and 2004 (data used for graphs were from Flegal et al., 
1998; Ogden et al., 2006). All BMI-units are in [kg/m2]. 
 
Similar increases have been noted in the UK, where the percentage of obese individuals 
rose from 7% in 1980 to 20% in 2000 (WHO, 2000); likewise the overweight category 
(25kg/m
2≤BMI≤29.9kg/m2) has increased from 20% of the population in 1980 to 45% 
in 2000 (WHO, 2000), indicating that the majority of UK adults are also either 
overweight or obese. The Foresight Report found that in 2004 nearly a quarter of men 
(23.6%) and women (23.8%) in England were obese (Butland et al., 2007). The authors 
also suggested that by 2010 the obesity rate will increase to 33% of men and 28% of 





Recent data from an American population showed that the increase of the obese and 
overweight population has slowed (Ogden et al., 2007). There has not been a statistical 
increase in the number of obese men and women between 2003-2004 and 2005-2006. 
Among men, the prevalence was 31.1% in 2003–2004 and 33.3% in 2005–2006. 
Among women, the prevalence in 2003–2004 was 33.2% and in 2005–2006 it was 
35.3%. The annual estimates for both men and women were not statistically different 
from each other (Ogden et al., 2007). Despite the non-significance in these results total 
numbers of obese and overweight individuals still increased. Thus the authors were 
reluctant to conclude a definite stop in the increase of obesity rates in the United States 
has occurred and invited further research to be conducted on the validity of their 
findings. Even as obesity rates level out, western civilisations are exposed to around 1/3 
of their population being affected by the obesity disease for the foreseeable future. 
 
1.1.3 Causes of Obesity 
1.1.3.1 Energy balance 
Body weight and composition is in balance if energy intake equals energy expenditure. 
Energy intake may be defined as any form of food intake, while the metabolic rate and 
exercise are energy expenditure features. The first law of thermodynamics defines the 
principle of energy conservation, i.e. energy cannot be created or destroyed. The 
consequence of this principle is that, if any energy equation is not in balance, an 
additional variable is needed to comply with this principle. This additional variable is 
energy storage. In mammals energy can be stored by tissue growth, both lean and fat 




energy expenditure. Thus energy balance in mammals may be represented in this 
equation:  
Energy intake = Energy expenditure + Energy storage.  
If energy intake equals energy expenditure the equation is in balance and no input from 
energy storage is necessary. Energy intake and energy expenditure can actively be 
changed by what is eaten or drunk or by changed activity levels, respectively. In 
response, energy balance changes passively to balance the equation. Everyone (i.e. 
athletes, body builders, the obese) trying to alter their energy storage (i.e. their lean and 
fat body mass), changes their intake and expenditure with the effect that their energy 
storage changes in order to balance the equation. 
 
The consideration of an imbalance in the energy balance equation may be viewed as the 
physiological cause of obesity. If an individual has a higher energy intake than an 
energy output, the excess energy is stored, mostly in form of adipose tissue. Much of 
the modern and westernised lifestyle facilitates this energy imbalance, e.g. the 
continuous availability of cheap energy dense food and the wide-spread use of 
mechanical devices in transport and in the household. The molecular causes for energy 
imbalance however are not as easily accessible. In the following the current 
understanding of energy balance regulation and findings in this field are introduced. 
 
1.1.3.2 Regulation of energy balance 
Small changes in energy balance over a long period of time could have detrimental 
effects on the above energy balance equation (Weigle, 1994). For example, if, over a 




only 200 kJ (the energy conserved in an average apple), the resulting imbalance would 
accumulate to 1825 MJ (25 x 365 x 200 kJ). Assuming the total imbalance would all be 
stored as fat and since 1 kg fat tissue contains about 33.1 MJ energy (Forbes, 1987), the 
accumulation of 1825 MJ would result in about 55 kg of fat tissue (Weigle, 1994). The 
situation that an individual weighing 70 kg at age 20 should increase their weight to 
125 kg at age 45 by only eating a single apple a day more than required for energy 
balance is extremely unusual. In fact, energy balance seems to be tightly matched to 
energy expenditure with only a mean compensatory change of 0.2% in energy storage 
over 25 years (Friedman, 2000; Weigle, 1994). This extremely tight match between 
energy intake and expenditure led to the assumption that energy balance in mammals 
must be a regulated mechanism, i.e. excessive energy intake is not sustained over long 
periods of time, but counteracted by decreasing appetite and increasing energy 
expenditure. Indeed as early as the 1950’s Kennedy (1953) observed that young rats are 
able to regulate their food intake precisely to the challenges put to them. Food intake 
increased in response to exposure to cold and during lactation, leaving their fat depots 
virtually unaltered. Alternatively, body weight did not increase significantly with 
unrestricted access to food. Interestingly body weight started to increase and obesity 
developed only in response to hypothalamic injuries. The author suggested the 
possibility that the hypothalamus is able to recognise and to react to fat tissue derived 
products to achieve “lipostasis”. During “lipostasis”, energy balance is accomplished 
solely by altering energy intake and expenditure, without the need to deposit or remove 
from energy storage. This “lipostatic” model of energy regulation proposes that energy 




turn adapts energy intake and expenditure to keep adipose tissue mass constant 
(Kennedy, 1953). 
 
Shortly after this hypothesis was formulated, a mouse that exhibits hyperphagia and 
grows enormously obese, without hypothalamic injury, appeared spontaneously in The 
Jackson Laboratories in the US (Coleman, 1978). The effect was attributed to a 
homozygous deletion in what was termed the “obese”-gene (ob) and the mice strain 
became known as the ob/ob mouse, as it has lost both alleles of the ob-gene. 
Subsequently leptin (λεπτοσ (leptos) = thin) was found as the product of the ob-gene 
(Zhang et al., 1994) and suggested to be the adipose derived factor, hypothesised by 
Kennedy (1953). The finding that an adipose derived factor plays a role in energy 
balance regulation is further supported by the idea that energy balance is achieved by a 
lipostatic model
2
. The quantitative signal from fat tissue, i.e. amount of secreted leptin, 





While this model explains the consistency of body weight over long periods of time, it 
lacks the ability to explain why we do not continuously feel hungry, when our leptin 
                                                 
2
 In addition to the lipostatic model of energy balance regulation other models have been 
proposed. The “glucostatic” model suggests nutrient content in the blood is the stimulus for 
energy intake and expenditure (Mayer, 1955). A model in which the content of lean body mass 
is also taken into consideration, a “proteostatic” model, has also been proposed (Mellinkoff et 
al., 1956). Uncertainty exists about whether different body tissues have different regulatory 
system, or whether a single regulatory system exists, which compartmentalises distribution of 
resources according to a set-target (Speakman et al., 2002). For comprehensiveness only the 
lipostatic model will be considered further. 
3
 See Schwartz and Seeley (1997), Friedman and Halaas (1998) and Auwerx and Staels (1998) 
for comprehensive overviews of leptin action and its feedback to the central nervous system and 




concentrations are low, but still have an eating habit of discrete meals. Evidently a 
second short acting regulation mechanism of appetite must be in place (Gibbs et al., 
1973; Mayer, 1955). Several factors have been linked to play a role in feeding 
behaviour, including insulin (Pliquett et al., 2006), ghrelin (Horvath et al., 2001; Klok 
et al., 2007; Kojima et al., 1999) and glucose (Levin, 2002). Short-term appetite and 
satiety seem to be regulated by gastric distension and changes in the excitability of the 
Vagus Afferents nerve (Schwartz, 2000). In addition the gastric peptide ghrelin (Kojima 
and Kangawa, 2005) and the intestinal peptide YY3-36 (Batterham et al., 2002) have 
been found to play a role in short-term feeding behaviour. Thus the familiar feelings of 
hunger and satiety seem to underlie a different regulatory system than the long-term 
regulation of energy balance of the lipostatic model based on adipose-derived leptin 
secretion (Speakman et al., 2002). As obesity is a slowly developing disease, it may be 
that the lipostat and leptin play a more important role than additional regulatory 
mechanisms. 
 
1.1.3.3 The leptin signalling mechanism 
The leptin signal is a quantitative signal, i.e. the amount of fat tissue determines the 
amount of leptin secreted. Indeed serum leptin concentrations correlate with BMI 
(Considine et al., 1996). Similarly to leptin, whose gene knockout produced the ob/ob 
mouse, the leptin-receptor knockout produced an obese, diabetic mouse, the db/db 
mouse (Coleman, 1978). The product of the db gene was the leptin receptor, whose 
human analogue has since been found (Tartaglia et al., 1995). The leptin receptor 
(Ob-R) is a class-I cytokine receptor, which exists in several splice variants including a 




variants, only the long form (Ob-Rb) contains the intra-cellular signalling domain. As 
Kennedy (1953) demonstrated in his early rat experiments, obesity develops after 
injuries to the hypothalamus and indeed in hamsters expression of the long form of the 
leptin receptor has predominantly been located to cells of the arcuate nucleus (ARC) 
within the hypothalamus (Mercer et al., 1996a; Mercer et al., 1996b). Further studies 
identified two types of neurons expressing Ob-Rb within the ARC, one are neuropeptide 
Y/Agouti-related protein (NPY/AgRP) co-expressing neurons (Hahn et al., 1998), the 
second type of neurons are pro-opiomelanocortin/cocaine amphetamine–regulated 
transcript (POMC/CART) neurons (Figure 1-2). NPY/AgRP neurons project signals to 









Figure 1-2: Simplified schematic overview of leptin signalling in hamsters. AgRP: Agouti-
related protein; α-MSH: α-melanocyte-stimulating hormone; ARC: arcuate nucleus; CART: 
cocaine amphetamine-regulated transcript; GABA: γ-aminobutric acid; MC4-R: melanocortin-4 




Both NPY/AgRP neurons and POMC/CART neurons project to cells in the PVN 
expressing melanocortin-4 receptors (MC4-R) and to cells in the ventromedial nucleus 
expressing melanocortin-3 receptors (MC3-R). NPY/AgRP neurons secrete AgRP 
which is an antagonist to both MC4-R and MC3-R, whereas POMC/CART neurons 
secrete α-melanocyte-stimulating hormone (α-MSH), an agonist of both these receptors 
(Zemel and Shi, 2000). Leptin activates the signalling cascade by docking to its receptor 
on NPY/AgRP neurons. This reduces the secretion of NPY and γ-aminobutric acid 
(GABA) at the synaptic connection with POMC/CART neurons and additionally 
decreases the release of AgRP at the synaptic connection with MC4-R expressing 
neurons in the PVN. POMC/CART neurons on the other hand are stimulated by leptin 
to increase secretion of α-MSH and additionally POMC/CART inhibition by GABA is 
decreased (Yokosuka et al., 1998). Stimulation of MC4-R, by increased α-MSH and 
decreased AgRP, promotes two downstream events. First the sympathetic system is 
stimulated resulting in increased secretion of noradrenalin and second food intake is 
inhibited. If the leptin stimulus decreases GABA and NPY concentrations increase at 
the POMC/CART cells, which results in decreased α-MSH secretion, which in turn, in 
association with increased AgRP secretion at MC4-R positive cells of the PVN, 
decrease sympathetic activity and stimulate feeding behaviour (Figure 1-2). 
 
Some of the factors potentially involved in short-term energy balance regulation have 
also been shown to interact with the ARC. Insulin has been shown to suppress NPY 
secretion with the effect of inducing POMC/CART neurons’ activity (Schwartz et al., 
1992). Similarly receptor for gut-derived peptides ghrelin (Horvath et al., 2001) and 




also receive signals from serotonin expressing neurons and carry serotonin-receptors. 
These may act as leptin independent short-term signals indicating satiety (Halford and 
Blundell, 2000).  
 
1.1.3.4 Energy balance regulation impairments 
Combining the above information, it may be concluded that energy balance and thus 
body weight is a tightly regulated mechanism. With an energy balance mechanism, i.e. a 
lipostat, in place, it seems unlikely that individuals should be susceptible to increased 
accumulation of body fat as observed during obesity development. It has therefore been 
suggested that impairments within the lipostatic model
4
 may occur during the 
development of obesity. As mentioned the ob/ob mouse cannot produce any leptin, 
while the db/db mouse carries a defective leptin-receptor (Ob-Rb). Both mice are 
susceptible to an accumulation to body fat, because of a defect in the lipostat. Broken 
lipostats, as in these mice, were also identified in humans. Two massively obese 
siblings (the older weighing in at 110 kg at age 10) presented at a Cambridge hospital 
and showed no detectable leptin concentrations. In fact both carried a homozygous 
defect in their leptin alleles, eliminating the production of any leptin, essentially 
presenting with the identical feature as ob/ob mice (Montague et al., 1997). Regular 
                                                 
4
 A critical review of the lipostatic model, addressing its weaknesses and an alternative non-
lipostatic model using elegant computer simulation models is presented by Speakman and 
colleagues (2002). Since an increase in body weight to the point of morbid obesity seems 
unlikely with such a tight mechanism as the lipostat in place, with mutations in lipostasis 
mediating genes virtually non-existent and with leptin concentrations not impaired in the obese, 
the idea of a lipostat faces certain scrutiny. Most of the existing data from mice and rats studies, 
however, support the lipostatic model of energy balance regulation. A further evaluation of the 
validity of the lipostatic model in obesity is beyond this thesis as its existence or non-existence 
is irrelevant for the thesis’ aims (see section 1.7). For the further contemplation, it will be 





leptin treatment decreased their appetite dramatically and reduced their body weight 
over time (Farooqi et al., 1999). 
 
Single site mutations in the leptin gene or in genes associated with cerebral leptin 
signalling are rare and only a handful of families have been identified (Clement et al., 
1998; Montague et al., 1997). Estimates however suggest that indeed up to 90% of the 
variability in body weight in individuals sharing identical environments have a genetic 
background (Barsh et al., 2000; Maes et al., 1997). Thus, if the lipostat is not entirely 
broken, it may be argued that the set-point, to which the actual fat mass is compared, is 
set at an inappropriately high level. The lipostatic model keeps energy in balance by 
adjusting energy intake and energy output, without the use of the energy storage to 
balance the equation. It is thought that the level at which to keep the energy storage, i.e. 
body fatness is genetically determined and natural selection would keep the genes that 
hold energy storage at levels that do not predispose to starvation on the one hand and do 
not increase susceptibility to predation with increased energy stores on the other
5
. One 
can now see that, if the genetically determined set-point for the lipostat is high, obesity 
develops. Energy balance is altered in such a way that this inappropriately high set-
point is achieved. 
 
                                                 
5
 Modelling such scenarios for humans is difficult. However Brodin (2007) described several 
models, which “the little bird in winter “ has to adapt in order to survive Scandinavian winters 
including reaching optimum body fatness to minimise risk of starvation and risk of predation. 
Risk of predation is thought to increase with body weight due to a growing inability to escape 
quickly enough. Body weight needs to be tightly controlled between these two markers to keep 
the risk of starvation and predation as low as possible (Brodin, 2007). This idea shall play a role 




Alternatively it may be suggested that the leptin signalling mechanism is somehow 
aberrant in obese individuals. Completely broken leptin signals are rare, such as genetic 
mutations in the leptin gene or the leptin receptor gene. If leptin production however is 
not completely broken but decreased, one would still expect an increase in body weight. 
Likewise, if the signal cannot be clearly identified in the hypothalamus, a similar 
situation is conceivable. Unfortunately, leptin concentrations correlate extremely well 
with body weight (Considine et al., 1996) contradicting the former idea. Instead the idea 
of leptin resistance, either by impairment of leptin crossing the blood-brain barrier or 
exerting a sufficient intra-neuronal signal, is a better supported hypothesis. Leptin 
signalling can be inhibited by activation of suppressor of cytokine signalling (SOCS)-3 
(Bjørbæk et al., 1999). In a negative feedback loop leptin itself is an inducer of SOCS3 
mRNA expression (Bjørbæk et al., 1998). Additionally the obesity-associated increase 
in inflammatory cytokine secretion (see section 1.1.4.4) may play a role, as for example 
IL-6 increases SOCS-3 expression (Cirillo et al., 2008). Leptin resistance however may 
not play a role in the initial phases of obesity development, as it seems to occur in 
response to obesity induced molecular changes. Thus the idea of the inappropriately 
lipostatic set-point may be the initial phase, while leptin resistance eventually 
potentiates its effect on body fatness, possibly increasing body weight beyond the 
genetically determined lipostatic setpoint. 
 
1.1.3.5 The obesogenic environment 
If the lipostatic set-point is genetically fixed, it has to obey the rules of Mendelian 
inheritance and natural selection. Obesity-rates in the population however only 




still alive today, so the argument that the genetically determined lipostatic set-point has 
changed to inappropriate high levels, within this timeframe, is not supported by this 
hypothesis as there is not enough time, in evolutionary terms, to change the genetic 
composition of the entire population. As mentioned, the genetic composition may 
account for up to 90% of the obesity in the population (Barsh et al., 2000; Maes et al., 
1997). Thus, since the genetic composition of the population cannot have changed in 
this short period of time, it has to be a change in environment that phenotypically 
manifests an already underlying genotypic predisposition to obesity, i.e. past events 
have created a population in which some individuals should become obese, but 
environmental constraints were not favourable to such an outcome until about 1980
6
. 
The environment of western societies has changed dramatically in the last thirty years, 
coinciding with the timeframe and the location of increased obesity rates. These 
changes induced a decrease in energy expenditure for everyday living and decreased 
restriction on the availability of nutrition. In industrialised societies labour-saving 
devices such as cars, elevators, escalators and remote controls have decreased day-to-
day energy expenditure. Increased agricultural mechanisation and technology have 
increased and stabilised food supply. Food technology and mass food production have 
increased energy density, palatability and storability of food (Binkley et al., 2000; 
Putnam and Allshouse, 1999). These changes have greatly increased individual survival 
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 The general population and some researchers (Chisholm et al., 1998; Ogden and Flanagan, 
2008; Poston and Foreyt, 1999) tend to misunderstand the influence of genetics on body weight. 
There is no direct link between our genes and body weight. It is the individual’s genetically 
fixed lipostat that predisposes to obesity and keeps an imbalance on energy regulation. Thus the 
individual genetic composition has influences on energy expenditure and stimulation of energy 
intake, which in turn causes body weight to change and not on body fatness itself. A statement 
such as “I am obese, because of my genes”, is therefore not valid. Furthermore the idea that 
obesity cannot be caused by genetic disposition but has solely an environmental cause (Poston 
and Foreyt, 1999) is not valid and violates the delicate gene-environment interaction that is 
needed for obesity to develop. The saying that “genes load the gun, but the environment pulls 




and health in addition to political and economic stability in industrial nations. These 
changes have decreased however any environmental restrictions that have kept 
genetically predisposed individuals from reaching their inappropriately high lipostatic 
set-point.  
 
To illustrate this effect of the environment on obesity, Eaton and colleagues (1996) 
compared the lipostat to a domestic thermostat and the heat produced by the radiators to 
body weight. If several houses with different settings on their thermostats are placed far 
north in the Arctic Circle, the houses will always be cool as no matter how high the 
thermostat is set, the heat in the house will never reach above a certain level. Now 
placing the same houses in tropical regions, one expects to see a very different picture. 
The houses with a thermostat set at the correct level will keep their temperature within 
normal levels, while those houses with an inappropriately high set thermostat will get 
boiling hot. Our environment has now changed from a Palaeolithic hunter/gatherer 
(arctic climate) environment 10.000 years ago to an agricultural settled sedentary (tropic 
climate) environment
7
 in which individuals (houses) with inappropriately set lipostats 
(thermostats) become increasingly overweight and obese (boiling hot). This illustration 
is a good example of how an obesogenic environment common to industrialised nations 
has an effect on individuals differently pre-disposed to obesity (Eaton et al., 1996).  
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 Such an environment was achieved at different points in time for different populations. 
Palaeolithic figurines, such as the Venus of Willendorf, suggest that obesity was known even in 
the hunter-gatherer area (30.000 years ago). The aristocrats of the past millennia were also 
characterised as displaying obesity. The major change in the environment however, the 
increased automation and motorisation of the 1980s, changed the lifestyle of the majority of the 




The effect of the changing environment can also be seen by examining populations 
which are only partly exposed to the obesogenic environment of the industrialised, 
western societies. The average BMI of Japanese men living in the continental United 
States is significantly higher than of those living in Japan across all age groups (Curb 
and Marcus, 1991). A well studied group of Pima Indian women have a significantly 
increased mean BMI, if they live in Arizona (mean BMI = 35.5) compared to women 
living in rural Mexico (mean BMI = 25.1; Ravussin et al., 1994). 
 
1.1.3.6 Pre-disposing obesity genes 
Thus it is the genetic variation between individuals that predisposes to the development 
of obesity. Genome-wide association studies to correlate genetic variation with BMI 
have recently produced the first successes in identifying these genetic variations. 
Genome-wide association studies examine large amounts of individuals and associate 
gene variants with, in this case, BMI. A common variant in the fat mass and obesity 
associated (FTO) gene was associated with a 3 kg increase in body weight and a 1.67-
fold increased odds risk of obesity for homozygous carriers in humans (Frayling et al., 
2007). The common variant of FTO was originally strongly associated with type-2 
diabetes, but this association was abolished when adjustments for BMI were taken into 
account, leading to the conclusion that the association with diabetes was mediated 
through BMI changes. Human FTO gene function is unknown. It was identified as the 
human analogue to mutated genes in the fused-toe (FT) mouse phenotype, which carries 
a deletion of part of chromosome eight, missing genes ftm, ftn and fto in addition to 
other genes (Peters et al., 2002). Homozygous deletions of this kind are embryonically 




candidate for studying FTO action. Overexpression or single FTO knock-out in mice 
have not been reported (Frayling et al., 2007). 
 
An additional study identified a region on the human chromosome 18, 188 kb 
downstream of the melanocortin-4 receptor (MC4-R) gene, associated with obesity 
(Loos et al., 2008). The importance of functioning MC4-R in normal leptin signalling 
became apparent when the screening of severe, early onset obese individuals revealed 
miss-sense (Farooqi et al., 2000; Gu et al., 1999) non-sense (Hinney et al., 1999) and 
frameshift (Vaisse et al., 1998; Yeo et al., 1998) mutations in the MC4R gene. In fact 
common variant and mutation in the MC4-R gene may account for 3-5% of morbid 
obesity, making it the most common single gene defect associated with obesity (Vaisse 
et al., 1998). 
 
The most recent genome-wide study in humans found three loci that were associated 
with increased waist circumference and increase waist-to-hip ratio (Lindgren et al., 
2009). Two loci (TFAP2B and MSRA) were associated with waist circumference, and 
the third locus, near LYPLAL1, showed a relationship with waist-to-hip ratio in women, 
but not in men (Lindgren et al., 2009).  
 
Homozygous carriers of the FTO risk allele were on average 3 kg heavier individuals 
carrying the non-risk allele (Frayling et al., 2007). In all these genome-wide association 
studies, the influence of FTO on obesity was the strongest, with all further discovered 




small, compared to deletion of the leptin gene or the leptin receptor gene in mice and 
human. Considering the genetic influence on a lipostatic set-point, findings from a small 
rodent study may be of interest, instead. In this study hamsters were subject to different 
light periods during a normal 24 h day, simulating long-day or short-day periods 
(Mercer and Speakman, 2001). A hamster transferred from long-days to short-days 
started to lose weight until a new constant body weight is achieved. This weight loss 
occurred independently of food restriction, i.e. a hamster transferred to short-day 
periods will lose weight, even if food intake is unrestricted. On the other hand, when the 
hamster was transferred back to long-day periods, it will increase its body weight to the 




These findings indicate a transition in the lipostatic “set-point”, allowing these hamsters 
to adapt their body fatness to environmental changes. Gene mutations and 
polymorphisms cannot explain a shifting lipostatic set-point in the same hamster. Gene 
expression changes in the ARC during short-day weight loss in these hamsters on the 
other hand, could explain this phenomenon. Hence it might be that the lipostatic “set-
point” is dependent of expression of yet unknown genes. The study, indicating that 
environmental changes were able to shift the lipostatic “set-point” in a hamster (Mercer 
and Speakman, 2001), could provide a new aspect of obesity research, yet to be 
explored. 
 
                                                 
8




Conclusively, gene polymorphisms that affect the lipostatic “set-point” have been 
demonstrated. Furthermore studies in hamsters indicate that expression of genes 
involved in response to environmental changes can lead to a shift in the lipostatic “set-
point”. As the argument is continued it may be asked how these inappropriately 
lipostatic “set-points” have developed and are prevailing in the human population. An 
attempt to answer this question has been made by the hypotheses of a “thrifty”- or 
“drifty” genotype. 
 
1.1.3.7 Thrifty vs. Drifty genotype 
Over the years two ideas of inappropriately high lipostatic set-points have been 
proposed. One, the thrifty genotype hypothesis, suggests that genes that are responsible 
for increasing the lipostatic “set-point” were advantageous at some point in the human 
evolutionary past (Neel, 1962). This is based on the suggestion that the human historic 
environment was punctuated by periods of famine (Chakravarthy and Booth, 2004; 
Prentice, 2001). During periods in between famines, those individuals with the thrifty 
genotype of high lipostatic “set-points” were able to accumulate more body fat than 
those without and would therefore be more likely to survive a succeeding famine. Thus 
these individuals had an evolutionary advantage and natural selection would tend to 
favour these individuals, increasing their proportion within the population. While this 
genetic make-up may have been beneficial in the past, protecting from starvation, in the 
modern, western society, where this periodic feast-famine pattern does not exist, this 





The second hypothesis is called the “predation release” or “drifty genotype” hypothesis 
(Speakman, 2007; Speakman, 2008). Its concept is based on the suggestion that the 
acquisition of social behaviour, the harnessing of fire and the developing of weaponry 
in human evolutionary history has dramatically decreased the risk to fall victim to 
predation by large carnivores. This development has decreased the selective pressure to 
the upper limit of the body fatness (see also footnote 5). Thus without natural selection, 
the genetically determined lipostatic “set-point” was allowed to drift upwards in the 
population. In Figure 1-3 the selective pressure of starvation and predation is illustrated. 
With the release from predation risk, only the selective pressure from starvation 
remains
9
, allowing body weight to drift upward.  
 
A B









































Figure 1-3: Illustration of selective pressure of starvation and predation on body weight 




                                                 
9
 Speakman’s original hypothesis does not seem to suggest that there is a continuous selective 
pressure from starvation, thus the genetic drift to higher body weight is at random and not under 
selective pressure. Instead he suggests a “lower intervention level [being] set by the risk of 
starvation” (Speakman, 2008, p.1615), equalling to a cut-off point for selective pressure above 
which the selective pressure for starvation is negligible. In this case the exponential relationship 
between body weight and starvation risk assumed in Figure 1-3 is wrong and would have to be 
represented by a steep linear increase below Speakman’s cut-off point. 
10
 Graph was drawn for illustrative purposes only, assuming the following: Selective pressure of 
starvation and predation were assumed to be equal. Selective pressure of both factors was 
assumed to increase or decrease exponentially with body weight changes. The lowest combined 




Both hypotheses have come under scrutiny from supporters of the other side. The 
thrifty-genotype hypothesis has been criticised to overestimate the rate of mortality 
during famine. Most deaths during famine do not occur due to starvation, but from 
infectious diseases such as diarrhoea and cholera (Tauxe et al., 1988). Furthermore 
deaths during famine occur primarily in the very young and the very old. Deaths in 
children under the age of 10 could not have been biased towards obesity as childhood 
obesity is a condition only found in the very recent past. Likewise the elderly will most 
likely already have procreated, thus their genotype, whether “thrifty” or not has been 
passed on. Additionally the rate at which famines occurred (about once every 150 years) 




 generation, giving ample time 
for the non-”thrifty” genotype to “catch-up” under normal conditions in which the 
thrifty genotype is not advantageous. 
 
The main criticism against the drifty genotype is that it does not take into account the 
influence of varying fat depots on female fertility during times of food shortage. In rural 
agricultural populations, like The Gambia and Bangladesh, body weight oscillates 
during the season, being lowest just before harvest (Prentice, 2005). Simultaneously 
birth rates oscillate in the same pattern, with a 9-months shift, reflecting a 30-50% 
reduction in fertility (Prentice et al., 2008). Thus it is claimed that a regular seasonal 
shift in fertility together with the occasional severe famine, during which fertility is 
virtually absent, would create sufficient positive selective pressure to favour and thereby 
support the idea of the “thrifty” genotype. Prentice and colleagues (2008) however fail 
to mention, if heavier women are more resilient to the seasonal reduction in fertility and 




the occurrence of polycystic ovarian syndrome (Pasquali et al., 1997) and reduced 
female (Jokela et al., 2008) and male fertility (Jarow et al., 1993) being closely related 
to obesity is another point that should have been addressed.  
 
Thus both theories provide an interesting and comprehensible explanation for the causes 
of high lipostatic “set-point” without being totally convincing or being supported by all 
the available data. Both theories are indeed supported by historical facts. Famines have 
been an important characteristic of the human past and provide sufficient natural 
selection for individuals that are better equipped to survive, it merely being to decrease 
susceptibility to disease or being able to continue producing offspring, which is the 
basis for the thrifty-genotype hypothesis. Likewise there is hardly an argument to be 
made that modern humans have managed to escape large-scale predation and the idea 
that this reduced the selective pressure to keep body fatness low is conceivable, 
supporting the conception of a drifty-genotype hypothesis. Despite both sides claiming 
that their theories are mutually exclusive, mainly stating that the same genes cannot be 
under selective pressure (thrifty hypothesis) and drifting randomly (drifty hypothesis; 
Speakman, 2008), the polygenic nature of the obesity disease may allow indeed for both 
to have happened in the past.  
 
An interesting recent idea (Bhattacharya, personal communication) is that the increased 
susceptibility to disease with increased obesity may act as the “new” predation selective 
pressure to keep obesity low in the population (Figure 1-3). Obese individuals have 




higher susceptibility to debilitating disease (Kopelman, 2000) and therefore may die 
before, be unable to or too ill to produce offspring, thereby reducing the gene pool of 
obesity predisposing genes, creating a new equilibrium.  
 
1.1.4 Changes in adipose tissue as obesity develops 
While the exact causal effect of the development and the distribution and selectiveness 
of obesity remains elusive for the moment, the insight into the changes during adipose 
tissue formation are increasing. Considering the case of obesity development, the 
energy balance equation (section 1.1.3.1) between energy intake and energy expenditure 
is not equal and needs to be balanced by energy storage. This energy is stored by 
increasing lean and fat body mass. The distribution value between increasing lean and 
fat body mass is determined by genetic factors, exercise and overall body fitness (Payne 
and Dugdale, 1977). Since obesity is a disease characterised by excessive accumulation 
of body fat, only the expansion of fat tissue will be regarded further. In the following 
sections the changes in the expansive adipose tissue are described with particular focus 
on the changes in white adipose tissue (WAT
11
) secretion profile. 
 
1.1.4.1 Fat distribution  
WAT tissue is found in distinct depots in mammals. Subcutaneous fat depots are the 
most characteristic fat depots as they are responsible for body shape. In humans, they 
are responsible for the distinct shapes of male and female. Additional fat tissues are 
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 All further considerations reflect the changes in white adipose tissue. It shall be noted that a 
second type of adipose tissue exists in mammals, the brown adipose tissue (BAT). Its cells are 
characterised by containing multiple lipid droplets and an increased amount of mitochondria. 
BAT is of particular interest in thermogenesis in rodents. In humans BAT is only present in 




found in the abdomen as visceral fat (mesenteric and omental) and in the 
retroperitoneum. Visceral fat protects intra-abdominal organs from physical forces and 
holds organs in their distinct places within the abdomen. The place at which fat is 
deposited as obesity develops is highly variable between individuals. Women however 
tend to store fat preferably around the buttocks and thighs, while men preferably store 
fat around the waist. Total body fat is distributed as ~85% subcutaneous fat and ~15% 
visceral fat (Abate et al., 1997). The rate, at which the two distinct fat tissues 
(subcutaneous and visceral) expand during obesity development, is however highly 
variable
12
 (Tchernof, 2007). Furthermore, many obesity-related adverse health effects 
are more closely related to visceral fat-tissue growth rather than overall fat growth. The 
effect of the molecular changes within fat tissue during obesity development seem to be 
more pronounced in visceral fat than in subcutaneous fat, possibly due to the proximity 
of mesenteric fat to the liver, i.e. normal metabolic mechanisms in the liver are impaired 
by mesenteric fat tissue (Klein et al., 2007).  
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 The phenomenon of lipodystrophy shall be mentioned here. This is a condition in which 
distribution of fat does not represent the 85%:15% fat distribution between subcutaneous and 
visceral stores. In its severest congenital form an individual suffering from this disease cannot 
form subcutaneous adipocytes and their subcutaneous fat is virtually empty. However ectopic 
fat content is extremely high combined with all the increased predisposition to adverse health 
effect related to obesity and increased visceral fat. Several gene defects have been associated 
with lipodystrophy. According to the OMIM database (2009) “congenital lipodystrophy” may 
be caused by a single gene mutation in one of three genes (AGPAT2, BSCL-3, CAV1), leading 
to congenital generalized lipodystrophy type 1, 2 or 3, respectively. Its inheritance is autosomal 




1.1.4.2 Adipocyte hypertrophy and ectopic fat 
Fat tissue, rather than being a mere storage organ, has emerged as a metabolically 
active, highly endocrine, diverse organ. It contains several different cell types, generally 
divided into adipocytes and stromal cells, which also contain cells associated with the 
immune system. Adipocytes are cells that store fat in form of a single (see footnote 11) 
lipid droplet in the cytoplasm, containing triglycerides and fatty acids (FA). During 
obesity development this droplet increases in size to the extent that the lipid droplet is 
the dominant feature within the adipocyte, leading to adipocyte hypertrophy, an 
expansion of the adipocyte to the limit of its storage capacity. Adipocytes mature from 
mesenchymal stem cells to pre-adipocytes, to mature adipocytes. Thus, if the lipid 
storage capacity of existing adipocytes reaches its limit, further storage capacity should 
be achieved through maturing additional adipocytes. 
 
In adulthood however, the ability to mature new adipocytes from pre-adipocytes 
declines, leaving only the existing adipocytes to accommodate more fat (Karagiannides 
et al., 2001). Maturing pre-adipocytes into adipocytes still exists to some degree in 
adults and it is suggested that the inability to recruit and mature adipocytes sufficiently 
is a major contributor to an individual’s susceptibility to obesity-related metabolic 
diseases (Dubois et al., 2006). Thus the expansion in fat tissue is caused by an 
expansion of adipocytes (hypertrophy) rather than an increase in the number of 
adipocytes (hyperplasia) to accommodate more fat. In fact it has been suggested that the 
number of mature adipocytes is set during childhood and adolescence and remains 




mature from pre-adipocytes is therefore only able to uphold the natural turnover rate of 
adipocytes. 
 
While hypertrophy of adipocytes creates a number of additional consequences for the 
adipose tissue itself (see following sections), there is an obvious need to examine the 
possibility of what happens, if an individual simply “runs out of space” to store 
additional triglycerides. Hypertrophic adipocytes cannot absorb any more triglycerides 
and, if there is insufficient capacity to increase the number of adipocytes, the excessive 
triglycerides are stored in non-adipose tissue, especially liver, muscle
13
 and heart tissue 
as well as in pancreatic islets cells.  
 
These atypical fat stores have been termed “ectopic” fat and are thought to exert a 
lipotoxic effect on the affected tissue, leading to cell death (van Herpen and Schrauwen-
Hinderling, 2008). This “ectopic” fat is very likely part of the associated health effect of 
obesity, including steatohepatitis of the liver, insulin resistance in muscle, 
cardiomyopathy and type 2 diabetes. While “ectopic” fat may play a major role in 
promoting several of the obesity related adverse health effects, it is the effects within 
the white fat tissue that will attract further attention for this project.  
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 It should be noted that after exercise and in athletes, lipid content in muscle is also elevated, 
presumably to promote glycogen regeneration. However the lipid profile in muscle after 
exercise is different from insulin resistant muscle, suggesting that these two phenomena are not 
related, explaining why insulin-resistant “ectopic” muscle fat is detrimental (Kelley and 





Hypertrophic adipocytes can reach a size of up to 150-200 μm (Skurk et al., 2007), thus 
lying within the maximal diffusion range for oxygen of 100-200 μm (Brahimi-Horn and 
Pouyssegur, 2007) and suggesting that adipocytes, that are not situated directly next to 
arterial capillaries, will not receive sufficient oxygen. Indeed in fast growing tumours 
the partial pressure of oxygen (pO2) can drop to zero within only 70 μm from the blood 
vessel (Vaupel, 2004). These observations led to the suggestion that adipocyte 
hypertrophy, as a result of obesity development, could lead to localised hypoxic areas in 
WAT (Trayhurn and Wood, 2004). Hypoxia is defined as a deficiency of oxygen in 
tissues. Partial oxygen pressure (pO2) progressively declines from air at sea level 
(160 mmHg), to the lungs (150 mmHg), to the arterial saturation (104 mmHg), to the 
venous saturation (40 mmHg) to tissue saturation (4-20 mmHg, tissue dependent). 
Usually oxygenation of tissue is directly related to its degree of vascularisation. 
Different from other tissues, which expand predominantly by increasing cell division, 
thus allowing for adequate neo-vascularisation, adipose tissue expands primarily by cell 
expansion, not allowing for increased vascularisation. The key growth hormone for neo-
vascularisation is vascular endothelial growth factor (VEGF). In obese mice however 
adipocyte VEGF expression is decreased compared to adipose expression in lean mice 
(Hausman and Richardson, 2004; Lijnen et al., 2006), which is another indicator that 
vascularisation of WAT decreases with obesity development. 
 
In a comparative study between obese and non-obese surgical patients with artificial 
arterial pO2 of 150 mmHg, the subcutaneous, i.e. fat, tissue perfusion was 44 mmHg 




2005). Furthermore in genetic and diet induced obese mice models, pO2 was 48 mmHg 
in adipose tissue of lean mice and 15 mmHg in adipose tissue of obese mice (Ye et al., 
2007). These recent findings strongly support the idea of hypoxia development in obese 
adipose tissue.  
 
The response of cells to a hypoxic environment is the activation of hypoxia specific 
transcription factors, especially the hypoxic inducible factor-1 (HIF-1) (Semenza and 
Wang, 1992; Wang and Semenza, 1993). HIF-1 consists of two subunits (α and β). Both 
are continuously expressed. During normoxia HIF-1α is immediately targeted for 
proteasomal degradation, by ubiquitination. During hypoxia however prolyl 
hydroxylase domain dioxygenases, which provide hydroxylated ubiquitin binding sites 
on HIF-1α during normoxia, are inhibited. Thus HIF-1α can complex with its β-subunit 
to form functioning HIF-1 (Stuart Wood et al., 2009). HIF-1 has been shown to be 
involved in the transcriptional regulation of over seventy genes, including genes 
involved in angiogenesis, glucose metabolism, apoptosis and inflammation (Semenza, 
1998). Crucially, HIF-1 has also been linked to increase transcription of the leptin gene 
(Ambrosini et al., 2002; Grosfeld et al., 2002). 
 
At a similar time as the hypoxia theory was first introduced, Bornstein and colleagues 
(2000) discovered the presence of immune cells in the adipose tissue. Recently Pasarica 
and colleagues (2009) suggested a link between hypoxia in human WAT and 
macrophage infiltration. In fact macrophages were found in localised hypoxic areas 




in vitro in hypoxic conditions, release monocyte chemoattractant protein 1 (MCP-1, a 
macrophage chemoattractant) and macrophage migration inhibitory factor-1 (MIF-1, 
prevents macrophage release from the tissue) (Gerhardt et al., 2001; Skurk et al., 2005; 
Trayhurn et al., 2008). 
 
1.1.4.4 Macrophage infiltration and adipose tissue inflammation 
Macrophages infiltrate expanding adipose tissue during the development of obesity, 
thus account for an increase in stromal cells in WAT (Weisberg et al., 2003; Xu et al., 
2003). The amount of macrophages in WAT was 2% of stromal cells in wild-type mice 
and 30% in ob/ob mice (Xu et al., 2003). Adipocyte hypertrophy and WAT hypoxia 
may trigger the attraction of macrophages to adipocytes (see section 1.1.4.3). In support 
of this hypothesis, primary mice macrophages grown in vitro under hypoxic conditions 
increased their expression of inflammatory markers such as TNF-α and IL-6, which 
create an immune response (Ye et al., 2007). Additionally, adipocyte size has been 
directly correlated to increased serum concentrations of inflammatory markers TNF-α, 
IL-6 and C-reactive protein (Bahceci et al., 2007). A different hypothesis suggests that 
macrophages are recruited by dead or dying adipocytes to facilitate phagocystosis. 
Adipocyte death is a rare feature in lean adipose tissue, it is however common in 
hypertrophic adipocytes (Cinti, 2005; Murano et al., 2008; Strissel et al., 2007). A 
causal relationship between hypoxia and increased adipocyte cell death has also been 
suggested (Surmi and Hasty, 2008). The third hypothesis for increased macrophages in 
WAT during obesity is the increased secretion of leptin from adipocytes. Leptin has 
been demonstrated to be a chemoattractant for neutrophiles (Ottonello et al., 2004) and 




These suggestions are not mutually exclusive and may even act synergistically to 
increase macrophage infiltration. In conclusion the attraction of macrophages to WAT 
may contribute to the chronic inflammation observed in WAT in obese individuals (Xu 
et al., 2003).  
 
1.1.4.5 Adipokine deregulation  
Infiltrated macrophages increase secretion of inflammatory cytokines, which act 
paracrinic on the surrounding adipocytes (Suganami et al., 2005). This inflammatory 
milieu together with the other features of obesity (adipocytes hypertrophy and hypoxia) 
are likely responsible for the change in adipokine secretion in obese adipose tissue. The 
term “adipokines” has been suggested to be used summarily to include all factors 
secreted by adipocytes (Trayhurn and Wood, 2004)
14
. Since the discovery of leptin 
(Zhang et al., 1994) and the finding that adipocytes secrete TNF-α (Hotamisligil et al., 
1993), the number of factors discovered to be secreted by adipose tissue has increased 
to more than seventy-five (Stuart Wood et al., 2009). Adipokines are a diverse group of 
agents, exerting a variety of different functions (Table 1-2) This change in adipokine 
secretion has been suggested to be the key factor in mediating many of the 
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 Thus technically inflammatory markers (TNF-α and IL-6) secreted by macrophages are not 
adipokines, yet a distinction fails to be made in a majority of the available literature. However 
TNF-α and IL-6 are also secreted from adipocytes (Hotamisligil et al., 1993; Mohamed-Ali et 
al., 1997), making it difficult to routinely distinguish between adipocyte-derived and 
macrophage-derived TNF-α and IL-6. In fact most adipose tissue derived inflammatory markers 
are produced by non-adipocytes (Fain et al., 2004). Keeping this discrepancy in mind, it shall be 
noted that the term “adipokine” in the study presented here will include all agents derived from 




accompanying health effects (Kopelman, 2007; Kopelman, 2000), which will be 




Table 1-2: Non-exhaustive list of adipokines secreted by adipocytes and affected by adipose 
tissue expansion during obesity development. 
Adipokine Function 










negative (Maeda et al., 1996) 
TNF-α Inflammation positive 
(Hotamisligil et al., 
1993) 
Interleukin-6 Inflammation positive 





positive (Steppan et al., 2001) 
Appelin Angiogenesis positive 
(Beltowski, 2006; 










(Lundgren et al., 
1996) 
Cholesteryl ester transfer 
protein (CETP) 




positive (Saye et al., 1989) 
Vascular epithelial 




(Mick et al., 2002) 
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 Although it was attempted to present the changes in the WAT in a chronological order, the 
actual occurrence of these events is likely to happen simultaneously or in a different order than 
presented. For example hypoxia alone may trigger changes in adipokine secretion (e.g. leptin 
expression is HIF-1 responsive), which in turn may attract macrophages and increase 
inflammation. However these events cannot occur at random. For instance hypoxia only occurs 
in response to hypertrophy and adipokine deregulation seems to always be associated with 




1.1.5 Obesity related adverse health effect 
1.1.5.1 Obesity related mortality 
While obesity itself is a metabolic disease, it is the accompanying co-morbidities that 
are thought to cause the most danger to health (Kopelman, 2000). Mortality increases 
with BMI and excessive waist circumference, as established in epidemiological studies. 
The INTERHEART study concluded that abdominal obesity was one of the leading risk 
factors for acute myocardial infarction
16
 (Yusuf et al., 2004; Yusuf et al., 2005). In the 
USA the number of deaths attributable to obesity is 280,000 deaths (Allison et al., 
1999). The latest study on actual causes of death rated poor diet and physical inactivity 
as the second most likely cause of death in the USA in 2000, only surpassed by smoking 
related deaths
17
 (Mokdad et al., 2004). In a Europe-wide study about one in 13 recorded 
deaths may be attributable to obesity, bringing the total number of obesity related deaths 
to an excess of 300,000 annually (Banegas et al., 2003). In the UK about 30,000 
premature deaths are attributed to obesity-related illnesses (Bourn, 2001). Compared to 
an individual with a normal BMI (20-22 kg/m
2
) lifespan on average decreases by nine 
years in obese persons (BMI>30 kg/m
2
) (Bourn, 2001). Mortality of obesity is largely 
due to cardiovascular disease and diabetes, through the consequences of obesity-
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 This case-control study (Yusuf et al., 2004) of acute myocardial infarction examined ~30,000 
(15152 cases, 14820 controls) individuals in 52 countries. The risk factors examined were 
history of smoking, hypertension, diabetes, waist/hip ratio, dietary patterns, physical activity, 
consumption of alcohol, blood apolipoproteins and psychosocial factors. Together these factors 
account for over 90% of the risk of an initial myocardial infarction. Smoking and abnormal lipid 
concentrations were the most promising risk factors, followed by psychosocial factors, 
abdominal obesity, diabetes and hypertension (Yusuf et al., 2004). 
17
 Taking into account the previous report a decade earlier (McGinnis and Foege, 1993) the 
“poor diet and physical inactivity” attributable category increased by over 100.000 deaths 
annually (from 300,000 in 1990 to 400,000 in 2000). By comparison deaths related to smoking 
increased “only” by 35.000 (from 400,000 in 1990 to 435,000 in 2000). This led the authors to 
predict that the “poor diet and physical inactivity” category will soon overtake the “smoking” 




induced Metabolic Syndrome. Obesity also increases risk for development of several 
other diseases (Table 1-3).  
 




Risk associated with increasing BMI 
Metabolic 
syndrome 
30% of middle aged people in developed countries have features of Metabolic 
Syndrome (according to IDF definition) 
 
Type 2 diabetes 90%of type 2 diabetics have a body mass index (BMI) of >23 kg/m
2 
 
Hypertension 5-fold increased risk with obesity; 
66% of hypertension cases are linked to excess weight 





3.6-fold increased risk of CAD for each unit change in BMI 
Dyslipidaemia progressively develops as BMI increase from BMI = 21 kg/m
2
 
70% of obese women with hypertension have left ventricular hypertrophy 
Obesity is a contributing factor of cardiac failure in >10% of patients 
 





Neck circumference of >43 cm in men and >40.5 cm in women is associated with 
obstructive sleep apnoea, daytime somnolence and development of pulmonary 
hypertension. 
 





6% of primary infertility in women is attributable to obesity 
Impotency and infertility are frequently associated with obesity in men 
 
Osteoarthritis Frequent association in the elderly with increasing body weight – risk of disability 
attributable to osteoarthritis equal to heart disease and greater than any other medical 
disorder in the elderly 
 
Liver and gall 
bladder disease 
Overweight and obesity associated with non-alcoholic fatty live disease (NFLD) and 
non-alcoholic steatohepatitis (NASH); 40% of NASH patients are obese; 20% have 
dyslipidaemia; 3-fold increased risk of gall bladder disease in women with a BMI or 
>32 kg/m
2






1.1.5.2 Metabolic Syndrome 
The negative health effects of obesity correlate well with BMI, but for some co-
morbidities excess waist circumference is a better marker. Waist circumference 
provides a stronger link than BMI to CVD risk (Balkau et al., 2007; Park et al., 2009; 
Smith and Haslam, 2007; Welborn and Dhaliwal, 2007; Yusuf et al., 2004) and insulin 
resistance (Balkau et al., 2007; Lee et al., 2006; Westphal, 2008). Other researchers 
however found no difference in predicting increased CVD risk between waist 
circumference and BMI (Freiberg et al., 2008). It had been observed that total fat mass 
per se did not indicate the imminent development of diabetes, but the excess 
accumulation of fat in the upper body did (Vague et al., 1980). It was repeatedly 
observed that a cluster of metabolic changes (insulin resistance, impaired fasting 
glucose, hypertension, dyslipidaemia) appeared in patients with increased waist 
circumference. These symptoms were so closely linked that their appearance was given 
its own name: “Metabolic Syndrome” (Alberti and Zimmet, 1998). Several attempts 
were made to provide cut-off values to define patients suffering from Metabolic 
Syndrome. The recent consensus by the International Diabetes Federation (2006), for 
example, establishes the existence of Metabolic Syndrome in two stages: First by an 
ethnically specific increase in waist circumference and secondly by identifying at least 
two of four further abnormalities (raised triglycerides, reduces HDL cholesterol, 
impaired fasting glucose, and hypertension). This interpretation places abdominal 
obesity at the centre of the syndrome and relates additional factors to it. Other 
definitions for Metabolic Syndrome have been proposed (WHO, EGIR, NCEP), all 
including abdominal obesity as a main characteristic of Metabolic Syndrome. 




Syndrome and thus requiring treatment. More stringent definitions also increase the 
amount of the population suffering from Metabolic Syndrome and thus requiring 
medical intervention. Hence the use of Metabolic Syndrome in a clinical setting has 
come under some scrutiny by its original describer. In its original form “syndrome X” 
should identify those patients at risk of cardiovascular events (Reaven, 1988; Reaven, 
1993). He now argues that diagnosis of Metabolic Syndrome has no clinical, 
educational or pathophysiological value for the treatment of the patient, as such 
definition and diagnosis of Metabolic Syndrome is irrelevant (Reaven, 2006). Instead 
each of the components of the syndrome should be diagnosed, assessed and treated 
independently to reduce CVD risk (Reaven, 2005). Others however have come to the 
aid of Metabolic Syndrome, defending its position as a tool for the global prevention of 
CVD and diabetes (Cameron et al., 2009). For the study presented here, the finding that 
a series of obesity induced metabolic changes cluster together emphasises the adverse 
health effect of obesity.  
 
1.1.5.3 Cardiovascular disease 
Due to the strong connection between obesity and CVD, Metabolic Syndrome has been 
suggested as a marker of individual risk of obesity associated CVD. Indeed all four 
associated markers of Metabolic Syndrome (hypertension, insulin resistance, 
triglycerides and HDL) have independently been associated with CVD. 
 
Obese patients are at increased risk of developing hypertension (Johnson et al., 1975; 
Kannel et al., 1967). Results from the Framingham Heart Study have indicated that 




end of the normal range, increased risk of developing cardiovascular diseases two-fold 
compared to blood pressure at the optimum of 120/80 mmHg (Vasan et al., 2001). As 
with any muscle that is subjected to increased exercise, heart muscle increases in size to 
overcome hypertension. As such left ventricle mass itself is directly associated with 
BMI (de la Maza et al., 1994). As heart muscle is different to skeletal muscle however 
an increase in size leads to dilatation of the ventricle and decreased output (ejection 
fraction). This decreased output is not caused by a weakness in heart muscle, but by a 
dysfunction in the diastole, decreasing normal ventricle filling when the heart muscle is 
relaxed (Lalande and Johnson, 2008).  
 
Additional features of Metabolic Syndrome, increased insulin resistance and elevated 
glucose concentrations, have been associated with increased risk of cardiovascular 
disease. High blood glucose concentrations may be an independent risk factor for CVD 
(Balkau et al., 1998) and CVD is the major cause of death in diabetics (Wingard and 
Barrett-Connor, 1995). Wilson and colleagues (1991) showed high blood glucose 
concentrations to be an independent risk factor for CVD in women, but not in men in 
the Framingham Study Population (Wilson et al., 1991). In fact more recent data 
suggests that lowering blood glucose alone in diabetic patients did not reduce CVD 
(Cheng and Leiter, 2009). They examined data from three randomised control trials, 
indicating that intensive glucose lowering treatment to <7% HbA1C (glycosylated 
haemoglobin
18
) did not decrease risk of CVD in diabetic patients. These findings from 
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 Glucose concentrations in blood fluctuate during the day, making an assessment of how much 
glucose an individual is exposed to difficult. Haemoglobin becomes aberrantly glycosylated in a 
glucose environment and the amount of glycosylated haemoglobin is proportional to the amount 
of glucose in its environment, i.e. blood. Additionally the glycosylation of haemoglobin remains 




diabetes trials indicate that high blood glucose concentrations may not account alone for 
the increased risk of CVD in obese individuals unless additional features of Metabolic 
Syndrome are present. 
 
A lipoprofile indicative of Metabolic Syndrome (high triglycerides, high LDL, low 
HDL) is also a strong link between obesity and CVD. High LDL-cholesterol and 
triglyceride (TG) concentrations and low HDL-cholesterol concentrations have been 
linked to increased arteriosclerosis and its associated increase in CVD (Castelli, 1996). 
Decreasing LDL-cholesterol concentrations is beneficial for CVD risk (Nissen, 2005). 
No evidence however has been presented at present showing specifically that lowering 
TG-concentrations are beneficial for cardiac health. This may be caused mainly by the 
tight clustering of additional features (abdominal obesity, impaired glucose 
concentrations, increased concentrations of lipoprotein remnants) around increased 
TG-concentrations. Trials to increase HDL concentrations are also underway; their main 
result however is still outstanding (Schaefer and Asztalos, 2007). 
 
1.1.5.4 Cerebrovascular disease 
The underlying mechanism for ischemic stroke and ischemic heart disease are very 
similar in being caused through arterial blockage. Additionally a connection between 
hypertension and haemorrhagic stroke has long been established (Mizukami et al., 
1972; Phillips et al., 1977). Several studies examined the correlation between obesity 
and the two forms of stroke. The northern Manhattan stroke case control study found 
that abdominal obesity, measured by waist-to-hip ratio increased risk of ischemic stroke 




examined population had a 3-fold increased risk of stroke. Interestingly waist-to-hip 
ratio was a stronger risk factor of stroke than BMI. Additionally the association between 
abdominal obesity and stroke risk was higher in younger individuals than in older ones, 
but risk was equal among all examined ethnic groups (Suk et al., 2003). An interesting 
finding was obtained when examining cerebral artery vessels in diet-induced obese rats 
after induced medial cerebral artery occlusion (MCAO) (Deutsch et al., 2009). Obese 
rats showed increased damage to the vessel wall caused by increased stiffness due to 
increased collagen disposition during overfeeding. Overfeeding was started in three-
week old rats from which the authors concluded that obesity beginning in childhood has 
an effect of cerebral vessel remodelling, increasing stroke risk in later life, thus 
supporting the findings of the Manhattan study, where the association between stroke 
risk and waist-to-hip ratio was higher in younger individuals (Suk et al., 2003). The link 
between abdominal obesity and stroke risk was also evaluated in an Asian study, 
showing increased risk of ischemic stroke with increased abdominal obesity (Chen et 
al., 2006b). General obesity again was not as strongly correlated to ischemic stroke as 
abdominal obesity. Likewise a further study showed increase risk of ischemic stroke 
with increased waist circumference, but no correlation of increased stroke risk and BMI 
was observed (Winter et al., 2008).  
 
Interestingly, despite the strong connection between obesity and hypertension, as well 
as hypertension and haemorrhagic stroke, the connection between obesity and ischemic 
stroke is far higher than between obesity and haemorrhagic stroke. This finding may be 
explained by a weight-independent dietary factor, such as sodium intake, which could 




James, 2005). There are no studies however examining this possible connection. From 
these studies it can be deduced that stroke risk is increased in obese individuals, 
especially in abdominally obese and early onset obese persons. 
 
1.1.5.5 Respiratory effects 
Effects of obesity on respiration are of physical rather than molecular nature. The 
increased fat mass around the chest wall and the abdomen has marked effects on the 
mechanisms relating to diaphragm movement, reducing respiratory capacity. 
Compensation requires increased respiratory muscle force to overcome elastic recoil of 
the fat mass. These effects are exaggerated when lying flat, taking greater effect during 
sleeping than being awake, when increased breathing resistance can be overcome 
consciously. This phenomenon leads to a temporary cessation of breathing (apnoea) 
accompanied by a decrease in arterial oxygen saturation (hypoxia) during sleeping. This 
effect seems to be related exclusively to obese men and obese postmenopausal women, 
while premenopausal obese women do not show a decrease in nocturnal arterial oxygen 
saturation (Kopelman et al., 1985; Kopelman et al., 1986). Sleep disruption leads to 
increased daytime somnolence and fatigue. Indeed most patients, referred to sleep 
disorder centres for fatigue, are eventually diagnosed with sleep apnoea (Vgontzas et 
al., 2003). While increased daytime sleepiness increases risk of traffic or work accidents 
(Haslam and James, 2005), sleep apnoea causes severe physiological changes during 
nocturnal hypoxia. Hypoxia accompanied by hypercapnia is compensated by pulmonary 
hypertension and thus associated with increased risk of right ventricle failure 





Interestingly, patients with sleep apnoea show increased leptin, TNF-α and IL-6 
concentrations, independent of BMI (Vgontzas et al., 2000). Additional studies found 
increased fasting blood glucose concentrations and plasma insulin concentrations in 
apnoeics compared to obese non-apnoeics (Ip et al., 2002; Manzella et al., 2002; 
Vgontzas et al., 2000). Some researchers also suggest that sleep apnoea should be 
included as another factor for the definition of Metabolic Syndrome (Lam and Ip, 2009). 
There is some inconsistency as to the causal link between sleep apnoea and insulin 
resistance, i.e. whether sleep apnoea causes insulin resistance or vice versa. Insulin 
resistance is present in patients with mild sleep apnoea (Punjabi et al., 2002), and 
treatment for sleep apnoea has failed to significantly increase insulin sensitivity 
(Vgontzas et al., 2003). Thus it seems more likely that insulin resistance causes sleep 
apnoea or has no effect, instead of the other way round.  
 
1.1.5.6 Reproductive abnormalities 
Oestrogen concentrations are higher in obese women, compared to normal weight 
women, caused by a strong association of adiposity to peripheral aromatase activity in 
white adipose tissue (Longcope et al., 1986). Excess oestrogen causes impaired 
feedback mechanisms to the hypothalamus, deregulating ovulatory cycle and possibly 
leading to female infertility. A total of 6% of ovulatory dysfunction infertility is 
attributable to obesity (Green et al., 1988). Males with erectile dysfunction (ED) are 
generally found to have higher body weight, have higher incidences of hypertension and 
hypercholesterolemia (Esposito et al., 2006) suggesting that some features of Metabolic 





The disturbance of sex hormones in obese women is also associated with hirsutism and 
the development of polycystic ovarian syndrome (PCOS) (Laven et al., 2002). This 
syndrome is additionally characterised by increased insulin resistance and increased 
androgen production (Haslam and James, 2005). It responds favourably with weight 
loss (Pasquali et al., 1997), indicating a close relation to obesity. 
 
1.1.5.7 Non-alcoholic fatty liver disease and Non-alcohol steatohepatitis 
Free fatty acid (FFA) concentrations are generally higher in the obese, independent of 
insulin resistance. Additionally obese intra-abdominal fat tissue may deliver excess 
FFAs to the liver on a direct route through the portal vein (Scheen and Luyckx, 2002). 
These factors lead to an increase in fat accumulation in liver cells (steatosis). This 
feature is called non-alcoholic fatty liver disease (NFLD), as steatosis in liver cells is 
frequently observed with excess alcohol consumption. Metabolic Syndrome is not the 
only cause of this disease; several inborn metabolic errors are also known to predispose 
to this phenomenon. Additionally certain types of bariatric surgery
19
 (jejunoileal bypass 
and gastroplasty) have been associated with higher risk for NFLD (Raman and Allard, 
2006). Steatosis itself is not thought to affect normal liver function and usually does not 
cause symptoms in the majority of patients. Increased concentrations of transaminases, 
with modestly elevated concentrations of alanine aminotransferase and aspartate 
aminotransferase
20
 are signs of NFLD, but only in the context of additional risk factors, 
most notably insulin resistance. According to Raman and Allard (2006), NFLD is the 
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 Newer methods of bariatric surgery (roux-en-Y gastric bypass, gastric band and sleeve 
gastrectomy) do not seem to predispose or worsen NFLD and NASH, but may be favourable in 
reducing steatosis, steatohepatitis and fibrosis (Mattar et al., 2005). 
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 In NFLD patients the ratio of aspartate aminotransferase to alanine aminotransferase is less 





first hit in their proposed two-hit hypothesis in developing non-alcoholic steatohepatitis 
(NASH). The second hit, an inflammation of the liver cells caused by lipid toxicity 
(steatohepatitis), can lead to scarring, fibrosis and cirrhosis of the liver. A progression 
of NFLD to NASH cannot be diagnosed, except through liver biopsy, making routine 
screening more difficult. Different mechanisms for the progression to NASH have been 
proposed. Raman and Allan (2006) favour several mechanisms that increase oxidative 
stress on hepatocytes and include Cyp2E1 (a pro-oxidant cytochrome P450 isoform) 
overexpression, increased lipid peroxisome catalysis, decreased expression of PPAR-α 
and mitochondrial abnormalities. Rivera (2009) alternatively proposes involvement of 
the innate immune system, especially toll like receptor-4 (TLR-4) signalling activated 
by FFAs in the development of NASH. Whichever way NASH develops the influence 
of FFA and thus obesity and Metabolic Syndrome is evident (Rivera, 2008).  
 
1.2 Obesity and insulin resistance 
Type-2 diabetes mellitus, which can develop as a result of insulin resistance, is the 
closest related and most severe co-morbidity of obesity (Kahn and Flier, 2000). In fact 
90% of diabetes patients show a BMI of 23 kg/m
2
 or more (Stevens et al., 2001). 
Diabetes
21
 develops as pancreatic β-islet cells increase production of insulin to 
overcome hyperglycaemia as a result of insulin resistance. Eventually these β-islet cells 
fall victim to this process either by overexertion or through insulin resistance/obesity 
related mechanisms that inhibit β-cells function, such as accumulation of ectopic fat in 
the pancreas causing lipotoxicity or through action of inflammatory cytokines secreted 
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 Unless otherwise stated, “diabetes” shall be understood to refer to type-2 diabetes mellitus 
specifically. Type-1 diabetics by comparison cannot produce any pancreatic insulin. This can 
occur congenitally, as a germline defect in genes involved in insulin production or as a result of 




from hypoxic fat tissue (Kahn, 1998; Kahn et al., 2006). Likewise ectopic fat in muscle 
and particularly liver cells has been suggested as a link to insulin resistance and diabetes 
(Stefan et al., 2005). Lettner and Roden (2008) however suggested that ectopic fat is not 
the causal effect but rather a biomarker of insulin resistance. 
 
Normal intra-cellular insulin signalling involves activation of the insulin receptor, its 
target the insulin receptor substrate and activation of the phosphoinositide-3 kinase 
(PI3-kinase) pathway
22
 (Figure 1-4). Chronic activation of this pathway by 
hyperinsulinaemia has been linked to impaired activation of protein kinase B 
(PKB/AKT), a downstream target of PI3-kinase, leading to insulin resistance (Bertacca 













Figure 1-4: Schematic overview of the PI-3 kinase pathway and its specific involvement in 
mediating normal insulin signalling. 
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 The exact mechanism of this pathway, especially in the context of its involvement in breast 




The change in adipokine secretion with obesity (section 1.1.4.5) has also been suggested 
to have a significant role in promoting obesity-induced insulin resistance. 
Antuna-Puente and colleagues (2008) summarised findings on the influence of several 
adipokines on insulin resistance. The main effect is exerted by the production of 
inflammatory cytokines, mainly and IL-6 (Antuna-Puente et al., 2008). Indeed the effect 
of inflammation within the adipose tissue in obese individuals itself has been considered 
as a connection between obesity and insulin resistance (Bastard et al., 2006; Steinberg, 
2007). TNF-α exerts its insulin resistance inducing effects by serine-phosphorylation of 
insulin receptor substrate 1 (IRS1), thereby blocking its interaction with the insulin 
receptor or its regular tyrosine phosphorylation needed to activate the PI3-kinase 
signalling pathway (Antuna-Puente et al., 2008; Bastard et al., 2006; Hotamisligil, 
2003). This mechanism turns IRS1 effectively into an inhibitor for IR tyrosine kinase 
activity, blocking normal insulin response, leading to insulin resistance (Nieto-Vazquez 
et al., 2008; Pirola et al., 2004; White, 2003). This serine phosphorylation of IRS is 
mediated by TNF-α induced inhibitor-kappa B kinase (IKK) (Gao et al., 2002) and 
other inflammation responsive serine kinases such as c-JUN N-terminal kinase (JNK) 
(Hirosumi et al., 2002), protein kinase C (PKC) (Griffin et al., 1999) and ribosomal 
protein kinase S6 kinase (S6K) (Tremblay et al., 2007). 
 
Chronic elevated concentrations of IL-6 have also been linked to promote muscular 
insulin resistance (Bastard et al., 2002). The IL-6 receptor belongs to the class I family 
of cytokine receptors that use Janus kinases (JAKs) as intra-cellular second messengers 
(Ihle et al., 1995). IL-6 has also been shown to increase expression of suppressors of 




signalling, especially of the JAK2/STAT3 cell signalling pathway (Starr et al., 1997), 
thus may act as a negative feedback to IL-6 activation of JAKs. SOCS are known 
however to also inhibit the insulin receptor in response to IL-6 recognition (Senn et al., 
2003). Thus long-term exposure to elevated concentrations of IL-6 may fail to create a 
sufficient feedback loop to stop IL-6 signalling and decrease insulin receptor 
phosphorylation instead. 
 
Controversially, IL-6 has also been shown to activate AMP-activated protein kinase 
(AMPK) (Ruderman et al., 2006). AMPK activation in turn has been demonstrated to 
increase insulin sensitivity (Hardie and Carling, 1997). Thus it has been suggested that 
acute IL-6 exposure, which is present after physical exercise, could be beneficial for 
insulin sensitivity, while chronic exposure, such as evident in obese individuals, may 
promote the opposite, i.e. insulin resistance (Kim et al., 2009). This could be explained 
by the negative feedback loop that IL-6 mediated SOCS activation creates.  
 
Another interesting connection between adipose tissue and insulin resistance has 
recently been discovered. As obesity develops expression of the insulin-responsive 
glucose transporter GLUT4 decreased in adipocytes (Shepherd and Kahn, 1999). This 
change is selective for the adipocytes only and does not affect GLUT4 expression in 
muscle cells, the principle site for glucose uptake (DeFronzo, 1997). Adipocyte-
selective knock-out of GLUT4 however increased insulin resistance in liver and muscle 
cells in a mouse model (Abel et al., 2001). Furthermore ex-vivo analysis of muscle cells 
indicated normal insulin action, indicating an adipocyte-derived circulating factor, i.e. 




liver insulin resistance (Abel et al., 2001). Indeed a subsequent study showed increased 
expression of retinol binding protein 4 (RBP4) in adipose tissue of adipose specific 
GLUT4 knockout mice (Yang et al., 2005). Moreover RBP4 concentrations correlated 
with BMI, waist-to-hip ratio and serum triglyceride concentrations. Additionally only in 
individuals in whom exercise induced an improvement in insulin sensitivity, serum 
concentrations of RBP4 decreased (Graham et al., 2006). Thus RBP4 may be an 
adipokine directly involved in mediating obesity induced insulin resistance in muscle 
cells. RBP4 is the main transport protein for hydrophobic retinol (vitamin A) in the 
circulation and may inhibit intra-muscular insulin signalling at the level of PI3-kinase 
(Yang et al., 2005). 
 
Several additional adipokines have been suggested to be involved in the mediation of 
obesity-induced insulin resistance, including resistin (Steppan et al., 2001), serum 
amyloid A (Leinonen et al., 2003), plasminogen activator-1 (Bastard et al., 2000), 
visfatin (Fukuhara et al., 2005), vaspin (Hida et al., 2005) and omentin (de Souza 
Batista et al., 2007). The mechanism of how many of these factors increase insulin 
resistance is still under investigation. As a matter of fact the current findings linking 
resistin and visfatin to insulin resistance are very controversial (Antuna-Puente et al., 
2008; Nieto-Vazquez et al., 2008). 
 
1.2.1 Obesity and insulin-like growth factor-1: a potential controversy 
Since the evidence for a connection between obesity and insulin resistance with 
resulting hyperinsulinaemia is so overwhelming, the focus on a possible connection 




interesting suggestion, especially on the background of the study presented here as 
IGF-1 is a known mitogen for breast cancer
23
 (Sachdev and Yee, 2001). Insulin and 
IGF-1 share a high degree of homology (Rotwein, 1991). In fact insulin and the two 
known insulin-like growth factors (IGF-1 and IGF-2) belong to the same gene family 
(Blundell and Humbel, 1980). IGF-1 mediates the effects of Growth Hormone (GH) in 
increasing foetal skeletal growth (Daughaday and Rotwein, 1989). While insulin is 
exclusively produced by the pancreas in response to an increase in blood glucose 
concentrations, IGF-1 is continuously produced by hepatic cells. Only a part of the total 
circulating IGF-1 is free and bio available. Much is bound, and thus metabolically 
inactive, to insulin-like growth factor binding proteins (IGFPBs). The IGF-family 
consists of IGF1 and IGF-2 and their respective trans-membrane receptors IGF-1R and 
IGF-2R, six IGFBPs and their respective proteases (IGFBP-protease) (Sachdev and 
Yee, 2001). 
 
The connection of IGF-1 with obesity is not straight forward. GH from the pituitary 
gland is the major factor that increases hepatic secretion of IGF-1 (Veldhuis and 
Iranmanesh, 1996). Additionally, insulin also stimulates hepatic production of IGF-1 
(Boni-Schnetzler et al., 1991), and reduces production of IGFBP-1 (Suikkari et al., 
1989). As obesity decreases pituitary GH secretion and correlates also with increased 
insulin concentrations, IGF-1 secretion is under two conflicting influences during the 
development of obesity. Consequently, correlating total IGF-1 concentrations to BMI 
has produced conflicting results (see references 5-17 in Frystyk et al., 1995). Serum 
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 The connection of IGF-1 to breast cancer is briefly introduced in section 1.5.2.1 and evaluated 




concentrations of total IGF-1 were highest in individuals with BMIs between 
26-28 kg/m
2
 and lower for patients with body weights above or below (Allen et al., 
2003). Thus some research has focused on the connection between BMI and IGFBP-1 
concentrations to examine, if free IGF-1 increases with BMI. Free IGF-1 concentrations 
however were not different in simple obese and diabetic obese individuals and were also 
not elevated compared to lean individuals. Similarly, total IGF-1 was not different 
between all three groups. IGFBP-1 however was elevated in the simple obese group 
compared to the diabetic obese and lean group, between which no difference was 
observed (Frystyk et al., 1999). Thus the hypothesis that obesity increases free IGF-1 
concentrations through hyperinsulinaemia was not validated by this study. The ratio of 
free IGF-1/total IGF-1 however was higher in obese individuals compared to 
overweight and lean subjects, possibly due to a decrease of IGFBP-3 (Frystyk et al., 
2009). Despite the conflicting findings of obesity’s contribution to IGF-1 concentrations 
many authors suggest an obesity induced increase in IGF-1 as the main contributor to 
the obesity-insulin resistance-breast cancer connection (Boyd, 2003; Godsland, 2009; 
Lorincz and Sukumar, 2006). Interestingly many of the reviews examining the 
molecular changes with insulin resistance and hyperinsulinaemia do not mention IGFs 
(DeFronzo, 1997; Pessin and Saltiel, 2000; Shulman, 2000). 
 
The complex relationships of obesity decreasing GH secretion and increasing insulin 
secretion may explain the non-linear connection between obesity and IGF-1 
concentrations. During obesity development insulin secretion increases, while a 
decrease in GH secretion does not significantly affect IGF-1 secretion, thus IGF-1 
concentrations rise until the BMI of 28 kg/m
2




becomes markedly reduced, while insulin secretion increases further. If one assumes 
GH to be a more potent stimulant for IGF-1 secretion, one has a convincing explanation 




1.3 Obesity and cancer 
Obesity has been suggested as a risk factor for endometrial cancer for some time 
(Cavanagh et al., 1984). The impact of obesity on the cancer burden however has 
become evident with the publication of a large cohort study (Calle et al., 2003). Their 
conclusions estimate that morbidly obese men and women (BMI>40 kg/m
2
) had an 
increased risk of dying from cancer of 52% and 62%, respectively. Additionally with 
the current pattern of obesity in the USA, they estimated that 14% and 20% of all cancer 
deaths were attributable to obesity, for men and women, respectively.  
 
In addition the recent second expert report of the World Cancer Research Fund (WCRF, 
2007) identified overweight and obesity as the major preventable risk factor for cancer 
prevention. Most of their recommendations (p. 368ff) are based on body weight 
modification and “healthy” life-style choices. Their examinations concluded that 
incidences of cancers of the colorectum, oesophagus (adenocarcinoma), endometrium, 
pancreas, kidney, and breast (postmenopausal) are convincingly associated with obesity. 
A short overview of the connection of obesity with these cancers follows. The 
connection between obesity and breast cancer will be examined in section 1.5 
 
Colorectal cancer incidence and mortality is increased in obese individuals (Calle et al., 




level (Dai et al., 2007; Huxley et al., 2009; Larsson and Wolk, 2007; Moghaddam et al., 
2007). Similarly large cohort studies have indicated an increased risk of colon cancer 
with obesity (Moore et al., 2004; Pischon et al., 2006). These studies also conclude that 
waist circumference is a stronger marker for colon cancer risk and that the association 
between abdominal obesity and colon cancer is stronger in men than in women. While 
the epidemiological evidence for a connection between abdominal obesity and colon 
cancer is overwhelming, the molecular connections are not well explored. Recently 
single-nucleotide polymorphisms (SNP) in genes coding for adipokines and insulin 
have been linked to colon cancer risk (Pechlivanis et al., 2009). Unfortunately the 
authors failed to explore the connection of these SNPs to obesity. Thus while the SNPs 
may indeed have an effect on promoting colon cancer, it may also be the case for lean 
subjects carrying this mutation. This study however provides an insight into a possible 
molecular mechanism between obesity and increased risk of colon cancer. Besides 
obesity, colorectal cancer feature a number of additional risk factors, including low 
intake of dietary fibre and increased consumption of red meat (WCRF, 2007). Likewise 
obesity relies on an intake of energy-dense food, which is naturally low in fibre. Thus 
the connection could lie at a nutritional level linking both obesity and colorectal cancer. 
 
Obesity is associated with adenocarcinoma of the oesophagus (WCRF, 2007). The 
association between obesity and oesophageal adenocarcinoma has been demonstrated to 
involve the connection of both of them to increased gastroesophageal reflux disease 
(El-Serag, 2008). Reflux of gastric fluid (acidic) into the distal part of the oesophagus 
has been linked to increased inflammation of the oesophageal endothelium, which can 




Shaheen and Richter, 2009), even though the idea of a direct connection between reflux 
and the development of Barrett’s oesophagus is not unanimous (Pondugula et al., 2007). 
Barrett’s oesophagus in turn is a known pre-cursor of oesophageal adenocarcinoma 
(Pera et al., 2005). Obesity is thought to mechanistically increase gastric pressure and 
lead to transient lower oesophageal sphincter relaxation, thus facilitating reflux 
(El-Serag, 2008). As expected, the relationship between abdominal obesity and reflux 
was even higher than the relationship to BMI (Pandolfino et al., 2006). An interesting 
meta-analysis examining the potential of a connection between BMI and Barrett’s 
oesophagus found no association, if corrected for reflux disease (Cook et al., 2008). 
Thus obesity is an indirect marker for Barrett’s oesophagus and oesophageal 
adenocarcinoma, by increasing gastric fluid reflux. Further evidence to the assumption 
that obesity affects oesophageal adenocarcinoma by mechanical, rather than molecular 
means comes from the finding that adipokine polymorphisms were not associated with 
increase in oesophageal adenocarcinoma (Doecke et al., 2008). In contrast a connection 
between obesity-associated increased oestrogen levels and oesophageal adenocarcinoma 
has been suggested by others (El-Serag, 2008). 
 
Endometrial cancer shows the strongest link between incidence rate and BMI (Calle et 
al., 2003; Ito et al., 2007; Lacey et al., 2008; Potischman et al., 1996). In fact up to 90% 
of endometrial cancer patients are obese (von Gruenigen et al., 2005). An endometrial 
precursor is endometrial hyperplasia, a condition of chronic thickening of the uterine 
wall. In pre-menopausal women the endometrium changes during the menstrual cycle, 
thickening to receive a fertilised oocyte and shedding this build-up during menstruation. 




with oestrogen being responsible for increased endometrial cell proliferation (Siiteri, 
1978). Chronic oestrogen exposure is a feature of obesity, with high turn-over rates for 
oestrogen in obese fat tissue, due to aromatase overexpression 
24
 (Key and Pike, 1988). 
High oestrogen levels are favoured as the main mechanistic component of the 
connection between obesity and increased endometrial cancer risk (Fader et al., 2009). 
Additionally insulin (O'Mara et al., 1985), IGF-1 (Talavera et al., 1990), leptin 
(Cymbaluk et al., 2008) and adiponectin (Cong et al., 2007) have been suggested to 
effect endometrial carcinoma. 
 
Increased risk of development of carcinoma of the pancreas has been associated with 
increased body fatness (WCRF, 2007). A meta-analysis linking obesity and pancreatic 
cancer incidences found an increased relative risk of 1.19 for individuals with BMIs 
over 30 kg/m
2
 (Berrington de Gonzalez et al., 2003). An interesting molecular 
experiment had human pancreatic cancer cell lines placed in lean and obese mice, with 
the result that tumours growing in obese mice were greater and developed more 
metastases (Zyromski et al., 2009). Additionally tumours grown in obese mice had 
higher adipocyte mass within their tumours than non-obese mice. The current 
understanding in humans links obesity and increased pancreatic cancer risk by obesity 
increasing the risk for development of pancreatitis. Pancreatitis, a chronic inflammation 
of the pancreas, is a major pre-cursor of pancreatic cancer (Gumbs, 2008). As 
mentioned in section 1.2, obesity increases the accumulation of ectopic pancreatic fat 
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 Oestrogen exposure also plays an important role in breast cancer and thus the connection 
between obesity, oestrogen production and breast cancer is discussed further in section 1.5.1 




and the secretion of inflammatory adipokines TNF-α and IL-6, all of which have been 
linked to increased  risk of pancreatitis (Greer and Whitcomb, 2009; Pitt, 2007). 
 
Renal carcinoma has been determined as one of the cancers convincingly associated 
with obesity (WCRF, 2007). Recent meta-analyses linking obesity and kidney cancer in 
men (Ildaphonse et al., 2009) and women (Mathew et al., 2009) have indicated a small 
increase in kidney cancer risk with increased BMI of 1.05 (95% CI=1.04-1.06) and 1.06 
(95% CI=1.05-1.07), respectively. Another study estimated the odds ratio for obesity 
increased risk on kidney cancer incidence at 3.3 for men and 2.2 for women (Shapiro et 
al., 1999). The mechanistic relation of obesity and renal cancer is not well researched, 
however several possibilities have been proposed. Vitamin D levels are lower in obese 
compared to normal weight individuals. It has been shown that high vitamin D 
concentrations inhibit growth of renal cancer cells in vitro (Amling, 2004), suggesting 
that vitamin D levels could play a role in this connection. Increased 
arterionephrosclerosis may also provide a mechanistic link, as well as obesity induced 
hypercholesterolaemia, as cholesterol lowering drugs were protective against renal 
cancer in mice studies (Pascual and Borque, 2008).  
 
The mechanisms of obesity’s involvement in these cancers are very cancer specific. 
Mechanistic changes with obesity on organs and an increase in inflammation seem to be 
the most re-occurring features. Obesity-related hormonal changes however, 
hyperinsulinaemia and adipokine deregulation, may have an important role in mediating 





1.4 Breast Cancer 
Breast cancer is the most common cancer in women in the UK, with one in nine women 
developing breast cancer in their lifetime and almost one third of all cancers diagnosed 
in women are breast tumours (Cancer Research UK, 2006). In terms of mortality, breast 
cancer accounts for 16% of all cancer deaths in UK women, making it the second 
highest contributor to cancer deaths, after lung cancer deaths (20% of all cancer deaths) 
(Cancer Research UK, 2007). Though uncommon, in men 314 breast cancer case have 
also been diagnosed in the UK in 2006 (Cancer Research UK, 2006), with 92 male 
deaths attributable to breast cancer in the UK in 2007 (Cancer Research UK, 2007). In a 
study on the population of the 25-member European Union in 2006, breast cancer was 
the most common form of cancer (30.9% of all cases) and the leading cause of cancer 
death (16.7% of all cancer deaths) in European women (Ferlay et al., 2007), with 
similar numbers reported in 2008 (Ferlay et al., 2010). 
 
Breast cancer arises from epithelial cells lining the mammary ducts. Compared to mice, 
human mammary ducts branch into terminal ductal lobular units, a cluster of small 
ductules (Figure 1-5 A and B). It is here that the vast majority of breast cancers occur 







Figure 1-5: Schematic cross section of A) a mammary duct and B) a terminal end bud. C) 
Schematic longitudinal section of the human breast (Visvader, 2009). 
 
Depending on the area of interest different ways of classifying breast cancer are 
possible. Breast cancer may be classified according to site of origin, stage of disease 
progression or on the basis of histological markers and gene expression. Breast cancer 
may originate in the duct or the lobe of the human breast (ductal or lobular breast 
cancer). Of 100 breast cancer cases 70-80 would be classified as ductal breast cancer, 
with the rest being lobular breast cancer. Several rare forms of breast cancer exist (e.g. 
inflammatory breast cancer or Paget’s disease), which comprise less than 2% of breast 
cancer cases (Cancer Research UK, 2009a). Depending on the progression of the 
disease, a staging of the tumour development might be possible. A simple model divides 
breast cancer in local or invasive cancer. Local breast cancer means the cancer cells are 






beyond this confinement. Other stages involve the physiological presentation of the 
breast cancer. One of those clinical staging systems is the Manchester System (Table 
1-4). 
 
Table 1-4: Staging of breast tumour according to the Manchester System (Nachlas, 1991) 
Stage Clinical manifestation 
1 
The primary tumour is confined to the breast, is movable, with the only skin 
attachment being at the tumour site. 
2 
Similar tumour features, but there are palpable mobile lymph nodes in the axilla 
of the same side. 
3 
The primary growth is more extensive, involving a wider skin area with muscle 
fixation, but tumour and lymph nodes are not fixed to the chest wall. 
4 
Extension beyond the breast as shown by chest wall fixation of the tumour and 
axillary nodes, supraclavicular node involvement, and distant metastases. 
 
The presence or absence of certain genetic markers is another way of classifying breast 
cancer. The most important determinants are the expression of the oestrogen receptor 
(ER) with or without progesterone receptor (PgR) expression, and the amplification and 
overexpression of the human epidermal growth factor receptor (HER2/neu) (Visvader, 
2009). Another distinction in breast cancer can be made according to menopausal status 
of the affected individual. Indeed the differences between post- and pre-menopausal 
breast cancer are such that it was proposed to describe the two cancers as different 
diseases (de Waard, 1979). Recently it has been noted that cancers which are classified 
using the above methods have arisen from very different molecular origins and that 
gene expression profiling using microarray technology may soon give rise to new 





With breast cancer being a heterogenic disease, with many possible origins and 
progression, determining clear causes has so far been impossible. Several risk factors 
have been identified. The most common risk factors are age, lifetime oestrogen 
exposure (measured by early onset of menarche, late onset of menopause and hormone 
replacement therapy, oestrogen containing contraceptive), late primiparous (late age at 
first time giving birth), nulliparous (never having given birth), post-menopausal obesity, 
low levels of physical activity and alcohol consumption (Table 1 in Feigelson and 
Henderson, 1996). Breast density is a further risk factor (Boyd et al., 2005; Harvey and 
Bovbjerg, 2004). Increased calcification of breast ducts, which leads to higher breast 
density may a factor attributable to obesity. Breast density has also been suggested as a 
possible heritable factor of breast cancer risk (Boyd et al., 2009). 
 
An investigation into the heritability of breast cancer discovered the functional mutation 
of breast cancer associated genes-1 and-2 (BRCA-1 and -2) to be associated with 
increased risk to develop breast and ovarian cancer. If the mutation arises in the 
germline, hereditary breast cancer occurs. BRCA-1 has been proposed to act as a 
“scaffolding” protein in the “BRCA1-associated genome surveillance complex” 
(BASC), which includes the DNA damage sensing gene ATM (Wang et al., 2000). 
Without proper functioning of this complex, DNA damage can go unnoticed as the cell 
progresses into mitosis. The tumour suppressor gene TP53 is involved in arresting cell 
cycle in the presence of DNA damage (Harris and Hollstein, 1993). But in over 90% of 
BRCA deficient tumours TP53 is dysfunctional through mutation, which may indicate 
that TP53 mutation is required for BRCA-1 mediated breast cancer and functioning 




Berns, 1999). Mutations in BRCA genes have also been linked to ovarian cancer 
(Merajver et al., 1995). BRCA mutations explain the existence of hereditary breast 
cancer, which comprises between 4-9% of breast cancer cases (Blackwood and Weber, 
1998; Ellisen and Haber, 1998). Most breast tumours however seem to develop 
sporadically, which during carcinogenesis does involve the mutation of tumour 
suppressor genes (like BRCA genes and TP53) and activation (by mutation or 
epigenetic events) of oncogenes.  
 
1.5 Obesity and breast cancer 
Due to the fact that pre- and postmenopausal breast cancers are essentially two different 
diseases, their connection with obesity is equally different. Several studies have 
identified either no or even an inverse relationship between obesity and premenopausal 
breast cancer (Stephenson and Rose, 2003). Reduced ovarian production of oestrogen in 
premenopausal obese women has been suggested as a reason for this association 
(Abrahamson et al., 2006). Obesity has however been suggested as a risk factor for 
premenopausal breast cancer because of the relationship between adiposity and ER-
negative breast cancers (Rose and Vona-Davis, 2009). Indeed Daling and colleagues 
(2001) found that, while premenopausal obese women do not have an elevated risk of 
developing cancer, obese premenopausal breast cancer patients had higher incidences of 
ER-negative, thus more malignant tumours, which resulted in longer treatments with 
less favourable outcomes. Hence obesity may not increase premenopausal breast cancer 
incidence rates, but may instead increase the severity of premenopausal breast cancer. 




(Abrahamson et al., 2006; Lahmann et al., 2004). All further reference to breast cancer 
will relate to postmenopausal breast cancer specifically, unless otherwise stated.  
 
It has been estimated that women with a BMI over 40 kg/m
2
 are more than twice as 
likely to develop breast cancer compared to women with normal BMI (Calle et al., 
2003). In this study breast cancer mortality risk increased by 34% in patients with BMIs 
between 25-30 kg/m
2
, by 63% for BMI 30-35 kg/m
2
, by 70% for BMI 35-40 kg/m
2
 and 
by 112% for BMI over 40 kg/m
2
 compared to patients with normal BMI between 18.5-
25 kg/m
2
. McTiernan (2005) concluded that this study alone linked obesity 
convincingly with breast cancer incidence and mortality. Furthermore the World Cancer 
Research Fund (2007) found ample evidence to conclude that “there is […] a clear dose-
response relationship with robust evidence […] that greater body fatness is a cause of 
postmenopausal breast cancer” (WCRF, 2007, p293). Additionally a link of increased 
waist circumference and breast cancer risk has been observed (Huang et al., 1999). 
Obesity has been linked to several stages of breast cancer increasing susceptibility to, 
progression of and mortality from breast cancer (Berclaz et al., 2004; Calle et al., 2003; 
Carmichael, 2006). 
 
Several molecular causes for this relationship have been suggested (Lorincz and 
Sukumar, 2006). First, obesity may increase the production of oestrogen, which in turn 
can predispose to and promote progression of (certain types of) breast tumours (the 
oestrogen connection). Second, obesity mediated hyperinsulinaemia may promote 




Third, obesity-related deregulation of adipokine secretion may promote breast cancer by 
adipocytes acting as mitogens or promoting an inflammatory state (the adipokine 
connection). It is unlikely that only one connection will be solely responsible for 
mediating the molecular connection. All three connections are probable contributors to 
the overall obesity-breast cancer relationship. Individually, one may outweigh the 
others, especially concerning the on-off contribution of the oestrogen receptor. Lastly 
synergistic effects of these three connections may contribute to increase breast cancer 
risk. The three connections are now introduced in further detail. 
 
1.5.1 The oestrogen connection 
As mentioned breast cancer can be classified into two groups, according to their 
expression of the oestrogen receptor (ER). Different to other breast cancer associated 
growth factor receptors (e.g. HER2/neu), ER expression is not graded, meaning a 
particular breast tumour either expresses this receptor or it does not. The ER is a soluble 
nuclear ligand-activated transcription factor (Dahlman-Wright et al., 2006). Two 
subtypes with high degree of similarity at the amino acid level are known, termed ERα 
and ERβ. Upon activation by oestrogen, the ER forms dimers and complexes with 
hormone-response elements, before promoting transcription of proliferative and survival 
genes (Klinge, 2000; Safe, 2001).  
 
Oestrogens are a group of steroid hormones, with oestriol, oestradiol and oestrone being 
the most important ones (Figure 1-6). Oestradiol is the most prominent form of 









Figure 1-6: Chemical structure of common oestrogens 
 
Before menopause most circulating oestrogen is periodically produced by ovaries, 
according to menopausal status. Oestrogen concentrations increase in response to 
luteinising hormone and follicle stimulating hormone secreted by the hypothalamus and 
decrease in response to progesterone secreted by the corpus luteum (Nussey and 
Whitehead, 2001). It stimulates differentiation of the endometrium and sexual drive, 
preparing the female body for the reception of a fertilised oocyte. Menopause is 
characterised by cessation of the menstrual cycle, due to termination of the delicate 
interplay of oscillating reproductive hormones, including oestrogen. Oestrogen is still 
present in the postmenopausal female body, in form of oestrone (Nelson and Bulun, 
2001). Oestrogen (oestradiol
25
) is synthesised by conversion of testosterone, catalysed 
by the enzyme aromatase (Nussey and Whitehead, 2001). Interestingly in 
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 All further references to oestrogen shall be understood to refer to oestradiol specifically, 




postmenopausal obese women adipose tissue is the main source of oestrogen, and serum 
oestrogen concentrations are directly related to BMI (Grodin et al., 1973). This increase 
in oestrogen concentrations with increased BMI is caused by an overexpression of the 
aromatase enzyme in stromal adipose tissue cells (Cleland et al., 1985). 
 
Breast cancer risk is increased with increased exposure to oestrogen. Oestrogen 
exposure is measured by age at menarche and menopause, hormone replacement 
therapy and the use of oestrogen containing contraceptive (Feigelson and Henderson, 
1996). Cohort studies have positively linked oestrogen concentrations with breast 
cancer risk (Berrino et al., 1996; Toniolo et al., 1995). Exposure of healthy breast 
epithelial cells to oestrogen increased their potential to become malignant (Dickson and 
Lippman, 1986). Furthermore breast cancers of obese postmenopausal women are more 
often ER-positive (Rose et al., 2004).  
 
The exact actions by which oestrogen predisposes to breast cancer development and 
contributes to breast cancer progression are not entirely known. Oestrogen increases cell 
proliferation in healthy epithelial cells and ER-positive breast cancer cells
26
 (Dickson 
and Stancel, 2000). Thus anti-oestrogens and ER-inhibitors decrease growth of 
ER-positive breast tumours and are used in treatment of these tumours (Pearson et al., 
1982). Since breast tissue is composed of up to 90% of adipose tissue, a direct cross-talk 
between adipose cells and breast cancer cells has been suggested (Bulun et al., 1994). 
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 Another concept to explain the action of oestrogen and breast cancer has been the idea that 
oestrogen metabolites, especially catchol oestrogens, increase the oxidative stress in breast 
epithelial cells and increase the transcriptional activity of the ER compared to oestrogen alone 




Indeed oestrogen concentrations inside breast tumours are as much as ten times higher 
than circulating oestrogen concentrations in post-menopausal women (van Landeghem 
et al., 1985). Furthermore cancer cells may cross-talk to the surrounding adipose tissue 
to produce more oestrogen or even produce it themselves (Brodie et al., 1997; Chen et 
al., 2002). 
 
Breast cancer progression is also stimulated by oestrogen. The vascular endothelial 
growth factor, responsible for stimulating angiogenesis has been shown to be under the 
regulation of the ER in ER-positive breast cancer cells in vitro (Applanat et al., 2008). 
Furthermore oestrogen is thought to act as a mitogen on the breast cancer cell increasing 
its cell cycle and proliferation. Conversely, the presence of the ER in breast cancer cells 
has also been linked to decreased potential of invasion and metastasis (Platet et al., 
2004). 
 
This finding has given rise to a controversy about the origin of ER-negative breast 
tumours. One suggestion is that all breast tumours start of expressing the ER. As the 
disease progresses ER expression is consecutively decreased. Thus the cancer has 
achieved progression to a more malignant state, enabling it to become more invasive 
and create metastases (Habel and Stanford, 1993). A second idea is that ER status 
represents different entities of breast tumours, i.e. breast tumours start of either 
expressing the ER or not (Zhu et al., 1997). Several observations support both 
hypotheses. The finding of ER-mosaicism, i.e. ER-positive and ER-negative breast 




preventive tamoxifen (an ER-inhibitor) treatment only protects against development of 
ER-positive breast cancer supports the second hypothesis. If both ER-positive and 
ER-negative breast cancer would start as ER-positive breast cancer, tamoxifen should 
protect against development of both types of breast cancer. Thus a third hypothesis, 
combining the other two has been suggested (Kurbel, 2005). ER-positive and ER-
negative breast tumours may start off differently, however the ER-positive tumours 
have the ability to selectively decrease ER-expression. The origin of ER expression is of 
interest from a treatment perspective. If ER expression is determined at the stage of 
carcinogenesis, the aetiology of the two types of tumours would be different and thus 
treatment may have to be adapted.  
 
It has been suggested that so called “triple negative breast cancers” are more prevalent 
in women with Metabolic Syndrome (Maiti et al., 2009). A triple negative breast 
tumour does not express ER, PgR and does not overexpress HER2/neu (Irvin and Carey, 
2008). Furthermore, while the prevalence of ER-positive breast tumours in obese 
postmenopausal breast cancers is increased (Rose et al., 2004), there is also an increase 
in ER-negative breast cancers in postmenopausal obese women compared to 
postmenopausal women of normal weight (Boyd, 2003). These findings may suggest 
that obesity induced increased postmenopausal oestrogen production is not the only 






1.5.2 The insulin connection 
In section 1.2 the current understanding of the insulin resistance–obesity connection has 
been introduced. Several authors have indicated that the resulting hyperinsulinaemia 
may be the indicator of the connection between obesity and breast cancer (Boyd, 2003; 
Lorincz and Sukumar, 2006). Besides its role in glucostasis, insulin is an important 
growth hormone and can stimulate cell proliferation of a number of tissues (Hill and 
Milner, 1985; Straus, 1984).  
 
Several studies examined the correlation between C-peptide
27
 concentrations and breast 
cancer. In a meta-analysis, examining C-peptide concentrations and breast cancer risk, 
only case-control studies showed a positive correlation, while prospective cohort studies 
did not (Pisani, 2008). The largest of the cohort study however indicated that in the non-
fasting postmenopausal sub-group of their study, a positive correlation was observed 
(Verheus et al., 2006). Additionally, measuring fasting insulin concentrations directly 
showed an increased risk of breast cancer with high insulin concentrations (Gunter et 
al., 2009). Similarly in a case control study of Chilean women insulin resistance was 
identified as a risk factor for developing breast cancer in postmenopausal women 
(Garmendia et al., 2007). Interestingly, hyperinsulinaemia has also been linked to 
premenopausal breast cancer (Del Giudice et al., 1998; Goodwin et al., 2002), although 
this association was not consistently observed (Eliassen et al., 2007). A meta-analysis 
indicated an increased risk of development of and mortality from breast cancer in 
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 The insulin gene translates not into mature insulin directly, but into a longer peptide, 
proinsulin, which requires post-translational modification. It needs to be cleaved to obtain 
mature metabolically active insulin. The other resulting peptide is called C-peptide, which lies 
in stoichiometric relation to insulin. However different from insulin it has a longer half-live. 
Thus, theoretically, measuring C-peptide provides a more consistent measurement of insulin 




diabetic women (Larsson et al., 2007). Additionally recent findings suggest the 
combined effects of obesity and insulin resistance elevated biochemical markers 
indicative of increased risk of developing premenopausal breast cancer (Alokail et al., 
2009). 
 
The breast cancer cell line MCF-7 is a well-established model of an ER-positive breast 
cancer. Stimulation with insulin increased its ability to incorporate leucine and 
thymidine (Osborne et al., 1976), increased fatty acid synthesis (Monaco and Lippman, 
1977), increased cell cycle progression (Gross et al., 1984), protected from apoptosis 
(Geier et al., 1992) and downregulated protein degradation and promoted cell size 
(Faridi et al., 2003). Insulin treatment of MDA-MB-231 and other ER-negative breast 
cancer cell lines however did not increase cell proliferation or effect apoptosis 
(Costantino et al., 1993; Godden et al., 1992), even though, in case of MDA-MB-231 
cell line, the insulin receptor content was increased (Papa et al., 1997). This suggested 
the possibility of these cell lines still responding to insulin in an augmented fashion.  
 
The insulin-receptor (IR) is expressed in many different cell types and studies suggest 
an over-expression of IR in breast cancer cells (Belfiore et al., 1996a; Milazzo et al., 
1992; Papa et al., 1990). In breast cancer cell lines, insulin mediates its effects by 
activation of the phosphoinositide-3 kinase (PI3-kinase) (Backer et al., 1992; Brown et 
al., 1999) and the extracellular-regulated kinase (ERK) member of the mitogen-
activated protein kinase (MAP-kinase) cell signalling pathways
28
 (O'Malley and 
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Harvey, 2004). In the study presented here, the impact of insulin on breast cancer cells 
and breast epithelial cells is investigated in chapter 3 and chapter 7. 
 
1.5.2.1 Insulin resistance, insulin-like growth factor-1 (IGF-1) and breast 
cancer 
In section 1.2.1 the complex relationship between obesity and IGF-1 has been 
introduced. Apart from the obesity-hyperinsulinaemia-IGF-1 controversy, IGF-1 plays 
an important role in breast cancer development and progression (Moschos and 
Mantzoros, 2002; Yu and Rohan, 2000). Similar to insulin, in vitro and animal studies 
suggested that IGF-1 activates cell signalling pathways through which it exerts its 
mitogenic and anti-apoptotic potential. In MCF-7 breast cancer cells, IGF-1 induces 
activation of PI3-kinase and MAP-kinase pathways (Jackson et al., 1998). Also in this 
cell line, IGF-1 increased expression of cyclin D, which promotes cell cycle progression 
(Dufourny et al., 1997). Overexpression of IGF-1 and/or its receptor are particularly 
effective in promoting tumour growth and one study found that half of all diagnosed 
primary tumours overexpressed the IGF-1R (Shimizu et al., 2004). In agreement with 
this finding, Sachdev and colleagues (2003) found reduced tumour growth in MCF-7 
xenografts after inhibiting IGF-1 receptor (Sachdev et al., 2003). A mouse model, 
overexpressing IGF-1, showed abnormal mammary gland development and showed 
signs of mammary tumour development eight weeks after birth (Carboni et al., 2005).  
 
Several meta-analyses of epidemiological data and cohort studies examined the 
relationship between IGF-1 and IGFBP-3 (the main IGF-1 binding protein) 




concentrations and high IGFBP-3 concentrations with premenopausal breast cancer risk 
was found in two meta-analyses (Renehan et al., 2004; Shi et al., 2004). Furthermore 
another meta-analysis found a correlation between high IGF-1 concentrations and 
premenopausal breast cancer, but no correlation with IGFBP-3 concentrations (Sugumar 
et al., 2004). Fletcher and colleagues (2005) observed no correlation between IGF-1 
gene polymorphisms and breast cancer risk. None of these studies would support a 
connection between obesity, IGF-1 and breast cancer as obesity only affects 
postmenopausal breast cancer risk and mortality. Interestingly the first two meta-
analysis studies found a positive correlation between IGFBP-3 and breast cancer risk 
(Renehan et al., 2004; Shi et al., 2004), even though bound IGF-1 is thought not to be 
able to bind its receptor and thus produce a mitogenic signal (Renehan et al., 2006). 
Conversely results from large cohort studies indicate a correlation between IGF-1, 
IGFBP-3 and breast cancer in postmenopausal, but not in premenopausal women 
(Baglietto et al., 2007; Rinaldi et al., 2006; Schernhammer et al., 2006). Interestingly 
gene polymorphisms in the gut hormone ghrelin were linked to increased concentrations 
of IGF-1, increased BMI and increased breast cancer risk, providing an insulin 
independent mechanism for an obesity-IGF-1 connection (Dossus et al., 2008). The 
authors however were cautious of this particular finding as a similar connection had not 
been observed previously and needed to be further validated by additional studies. 
Recently a connection of IGF-1 concentrations and mammary density has been 
suggested (Diorio et al., 2005). This connection however has been demonstrated in 





The IR and the IGF-1R are heterodimeric receptors, both of which are overexpressed in 
breast cancer (Papa et al., 1990; Papa et al., 1993). Thus it has been hypothesised and 
subsequently demonstrated that their great homology allows these receptors to form 
hybrid receptors (Belfiore et al., 2009; Moxham and Jacobs, 1992; Pandini et al., 1999; 
Pandini et al., 2002; Soos et al., 1990). Interestingly these hybrid receptors seem to 
have a similar affinity for insulin as the IR, but their intra-cellular signalling is similar 
to the IGF-1R (Belfiore and Frasca, 2008). Thus insulin may mediate certain enhanced 
mitogenic effects through these hybrid receptors, especially as both receptors are 
frequently overexpressed in breast cancer cells. It has also been suggested that the IR-
IGF-1R hybrid receptor may mediate increased cell proliferation in response to IGF-1 
binding (Belfiore et al., 2009).  
 
Not all recent data concerning the insulin and/or IGF-1 connection with breast cancer is 
supportive of the idea that hyperinsulinaemia, either direct or through IGF-1 
stimulation, is the cause for increased breast cancer risk. Insulin alone has little effect on 
ER-negative breast cancer cells and seems to need a supportive factor to increase breast 
cancer cell growth (e.g. oestrogen; see section 1.5.4). IGF-1 stimulates breast cancer 
cell proliferation in vitro and in mouse models, but epidemiological data is conflicting. 
Furthermore its connection to obesity is not linear and a correlation to postmenopausal 
breast cancer was not found. To add to this conflict, insulin-like-growth factor binding 
protein-3, which decreases free IGF-1 concentrations, has also been positively 





1.5.3 The adipokine connection 
In addition to the increase in insulin resistance, the hypertrophic-hypoxic-macrophage 
infiltration axis occurring in obese individuals also promotes abnormal adipokine 
expression in obese patients (see section 1.1.4.5). It has been suggested that the 
potential for adipokines to affect breast cancer risk is to increase cell proliferation 
and/or inhibiting apoptosis
29
 (Housa et al., 2006). Adipokine expression and secretion is 
impaired in obese individuals. Most adipokine concentrations (e.g. leptin, TNF-α and 
IL-6) are proportional to BMI, except adiponectin which is inversely proportional to 
BMI (Considine et al., 1996; Korner et al., 2005). 
 
1.5.3.1 Leptin and breast cancer 
Besides its main involvement in body weight regulation and energy homeostasis, 
leptin’s other functions include stimulation of immune responses (Lam and Lu, 2007; 
Lord et al., 1998), angiogenesis (Sierra-Honigmann et al., 1998) and reproduction 
(Masuzaki et al., 1997). Additionally, it has been observed that leptin is also secreted by 
other cell types, including the stomach (Bado et al., 1998) and the placenta (Masuzaki et 
al., 1997) but also by breast epithelial cells (O'brien et al., 1999) and has been observed 
in human milk (Casabiell et al., 1997; Houseknecht et al., 1997). Importantly leptin is 
also responsible for normal breast development (Hu et al., 2002; Kiess et al., 1999; 
Neville et al., 2002), suggesting that leptin may be involved in the metabolism of breast 
epithelial and breast cancer cells. Indeed, leptin has been shown to induce cell 
proliferation in the human MCF-7 breast cancer cell line by activation of cell signalling 
pathways associated with cell proliferation and cell survival (Dieudonne et al., 2002). 
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 Adiponectin would constitute the exception, as it has been suggested to protect against breast 




This particular study concluded that leptin would act in an endocrine-like or paracrinic 
fashion on breast cells as leptin may be produced in fat cells around the tumour or 
further apart and be transported to the tumour site through the blood stream. Additional 
research found that many breast cancer cell lines are also able to express and secrete 
leptin themselves (O'brien et al., 1999). This suggests leptin may increase breast cancer 
growth also in an autocrine manner (see also section 8.5). This interesting suggestion 
was further validated by the findings of Ishikawa and colleagues (2004), which showed 
increased leptin receptor expression in 83% of examined breast cancer cells, but not in 
normal mammary epithelial cells. Additionally leptin expression was detected in 92% of 
breast cancer samples, but not in normal mammary tissue. Interestingly, 34% of 
tumours expressing both leptin and leptin-receptor were found to have metastasised, 
while none of the tumours lacking either leptin-receptor expression or leptin expression 
developed metastases. Further in vitro experiments found consistently that leptin 
increased cell proliferation in MCF-7, T47D and ZR75-1 breast cancer cell lines 
(Catalano et al., 2003; Dieudonne et al., 2002; Garofalo et al., 2004; Hu et al., 2002; 
Laud et al., 2002; Okumura et al., 2002). Interestingly leptin also increased the activity 
of cell signalling pathways, including the MAP-kinase pathway (Catalano et al., 2003) 
and the PI3-kinase pathway (Garofalo et al., 2004) and the leptin target JAK2/STAT3 
pathway. 
 
In epidemiological studies, correlations between increased leptin concentrations and 
postmenopausal breast cancer risk have been noted (Cust et al., 2009; Petridou et al., 
2000; Tessitore et al., 2004).. Conversely, other studies found no correlation between 




al., 2006). Furthermore polymorphisms in the leptin and leptin-receptor genes were also 
related to an increase in breast cancer risk for pre- and postmenopausal women (Liu et 
al., 2007; Okobia et al., 2008; Snoussi et al., 2006). Not all studies however confirmed 
these findings (Teras et al., 2009; Woo et al., 2006). 
 
The findings examining circulating leptin concentrations and breast cancer risk were not 
unanimous. Ishikawa and colleague’s (2004) findings of leptin and leptin receptor 
expression in breast cancer cells however gave rise to the idea of the possibility of leptin 
autocrine signalling within the tumour tissue (Vona-Davis and Rose, 2007). This would 
alleviate the explanation for the inconclusive findings from circulating leptin 
concentrations, which may not be necessary to increase leptin stimulation, if leptin is 
produced locally. Indeed increased production of leptin was observed in breast cancer 
cell lines and breast tumours (Garofalo and Surmacz, 2006; Garofalo et al., 2006; 
O'brien et al., 1999; Revillion et al., 2006). In the study presented here, the impact of 
leptin on breast cancer cells and breast epithelial cells is investigated in chapter 4. 
 
1.5.3.2 Tumour necrosis factor-alpha (TNF-α) and breast cancer 
Serum TNF-α concentration is positively correlated with BMI and abdominal obesity 
(Olszanecka-Glinianowicz et al., 2004; Park et al., 2005; Samaras et al., 2010). This 
cytokine was named after its ability to induce necrosis in the murine fibrosarcoma 
L-929 cell line, while normal epithelial cells remained unaffected by this action 
(Carswell et al., 1975; Pennica et al., 1984; Shirai et al., 1985). Similarly, in MCF-7 
and T47D breast cancer cells, TNF-α inhibited cell growth (Pagliacci et al., 1993; 




reduce significantly in growth after the mice were treated with TNF-α (Balkwill et al., 
1986). Furthermore it was noted that TNF-α induced apoptosis in MCF-7 breast cancer 
cells was depending on functioning TP53 and TP53 knockout led to resistance to TNF-α 
initiated apoptosis (Cai et al., 1997). TP53 gained interest as more than half of all 
diagnosed breast tumours had malfunctioning p53 protein, caused by mutations in TP53 
(Harris and Hollstein, 1993). Interestingly, TNF-α decreased the expression of the ER in 
MCF-7 breast cancer cells, which led to a decrease in cell viability (Lee and Nam, 
2008). ER down regulation however has been suggested as a sign of increased 
malignancy (Kurbel, 2005). Furthermore TNF-α may indirectly promote breast cancer 
growth, as it was observed to be an aromatase inducer, thus increasing oestrogen 
production and secretion (Purohit and Reed, 2002; Purohit et al., 2002). Additionally 
TNF-α stimulated angiogenesis, a vital process for tumour progression (Fajardo et al., 
1992). 
 
While in vitro experiments demonstrated in part the cytotoxic effect of TNF-α on breast 
cancer cells, epidemiological studies linked increased serum concentrations of TNF-α 
with increased breast cancer incidences (Mallmann et al., 1991; Sheen-Chen et al., 
1997). Additionally, in metastatic breast cancer patients, TNF-α concentrations were 
negatively correlated with progression free survival and TNF-α concentrations were 
positively correlated to breast cancer staging (Bozcuk et al., 2004). In patients with 
locally advanced breast cancer, TNF-α concentrations were negatively correlated to 
partial and complete responses to neoadjuvent chemotherapy (Berberoglu et al., 2004). 
Ardizzoia and colleague (1992) observed higher TNF-α concentrations in patients with 




concentrations in patients in which metastases had formed. Others however did not 
observe a correlation between TNF-α concentrations and breast cancer incidences 
(Krajcik et al., 2003). Interestingly the failure of immune cells, particularly 
macrophages to increase TNF-α production in response to lipopolysaccharide (LPS) 
stimulation has been linked to decreased survival in breast cancer patients, suggesting a 
pleiotropic role of TNF-α in cancer biology (Jablonska, 1998; Zielinski et al., 1990). 
This may suggest that short acting localised bursts of TNF-α secretion by immune cells 
counteract tumour development and progression, while chronically increased circulating 
concentrations of TNF-α, as observed with obesity, predisposes to tumour development 
and enhances tumour growth. In the study presented here the impact of TNF-α on breast 
cancer cells and breast epithelial cells is investigated in chapter 5. 
 
1.5.3.3 Adiponectin and breast cancer 
Besides leptin, adiponectin is the other adipokine that has attracted considerable 
attention in the obesity breast cancer connection. Adiponectin is an anti-inflammatory 
and anti-proliferative adipokine and is thought to decrease breast cancer risk and 
mortality. While other adipokines are also expressed in non-adipose tissues, adiponectin 
is exclusively expressed and secreted by adipocytes. In fact it is the most abundantly 
expressed protein of adipocytes (Koerner et al., 2005; Scherer et al., 1995). Adiponectin 
plasma concentrations are between 3 µg/ml-30 µg/ml (Heliovaara et al., 2006). 
Interestingly while concentrations of the majority of other adipokines are positively 
correlated with BMI, adiponectin concentrations are negatively correlated with BMI 
(Arita et al., 1999). This is also represented in research on adiponectin concentrations in 




patients for both premenopausal (Miyoshi et al., 2003) and postmenopausal women 
(Mantzoros et al., 2004; Miyoshi et al., 2003; Tian et al., 2007; Tworoger et al., 2007). 
Conversely direct measurement of adiponectin concentrations in breast tissue suggested 
a positive correlation between adiponectin concentrations and breast cancer risk 
(Karaduman et al., 2007). In in vitro studies on MCF-7 breast cancer cells, it was 
discovered that adiponectin had an anti-proliferative effect on these cells (Arditi et al., 
2007; Dieudonne et al., 2006). One study found that adiponectin increased apoptosis in 
MCF-7 cells (Dieudonne et al., 2006), while a subsequent study did not (Arditi et al., 
2007). In addition, Brakenhielm and colleagues (2004) found that adiponectin induces 
apoptosis by inhibiting angiogenesis in vitro and in mouse xenografts. Breast tumour 
samples showed expression of the adiponectin receptors, suggesting an involvement of 
adiponectin in breast cancer growth (Korner et al., 2007). Additionally adiponectin 
receptor polymorphisms were associated with increased breast cancer risk (Kaklamani 
et al., 2008). A recently published study on co-treatment of breast cancer cells with 
different ratios of leptin and adiponectin additionally emphasised the importance of the 
leptin–adiponectin interplay in the obesity-postmenopausal breast cancer connection 
(Nkhata et al., 2009). In the study presented here the influence of adiponectin on cell 
proliferation in breast cancer cells and breast epithelial cells is investigated in chapter 6. 
 
1.5.3.4 Interleukin-6 (IL-6) and breast cancer 
Interleukin-6 (IL-6) is another cytokine related to obesity. BMI correlates with 
circulating IL-6 concentrations and adipose tissue expresses IL-6 (Fried et al., 1998; 
Vgontzas et al., 1997; Vidal, 2001). IL-6 is a mediator of inflammation initiation, 




tumour-promoting and growth-inhibiting effects of IL-6 on breast cancer cell lines and 
primary breast cancer cells are reported (Knupfer and Preiss, 2007). For example, 
Basolo and colleagues (1996) reported no increase in cell proliferation after treatment 
with 10 ng/ml IL-6 for 3 days in primary breast cancer cells. IL-6 treatment of MCF-7 
breast cancer cells increased their resistance to doxorubicin, a chemotherapeutic anti-
cancer drug (Conze et al., 2001). Similarly IL-6 treatment of ER-negative MDA-MB-
231 breast cancer cells increased expression of GP96, a stress protein related to 
chemotherapy drug resistance (Haverty et al., 1997). Conversely IL-6 induced apoptosis 
measured by DNA fragmentation, in ER-positive MCF-7 and ZR-75-1 breast cancer 
cells (Chiu et al., 1996). While the influence of IL-6 on cell survival could not be 
decisively concluded, additional studies showed that treatment with IL-6 promoted an 
aggressive phenotype in MCF-7 cells by reducing the expression of ER (Bhat-Nakshatri 
et al., 2004) and decreasing E-cadherin expression (Asgeirsson et al., 1998). 
Furthermore IL-6 treatment of breast cancer stem cells and MCF-7 breast cancer cells 
promoted a hypoxia-resistant and invasive phenotype (Sansone et al., 2007). These 
authors also demonstrated that these aggressive features were sustained in MCF-7 cells 
by initiating an autocrine IL-6 signalling loop that was self-sustained for up to two 
weeks after the initial exposure to IL-6. 
 
Epidemiological studies demonstrated a correlation between high IL-6 concentrations 
and increased breast cancer risk (Hussein et al., 2004; Kozlowski et al., 2003; Salgado 
et al., 2003) In fact IL-6 serum concentrations have been correlated with poor disease 
outcome and reduced prognosis of survival (Salgado et al., 2003; Zhang and Adachi, 




metastatic breast cancer patients compared to patients suffering from a localised tumour. 
Similarly high IL-6 concentrations were positively related to decreased survival in 
metastatic breast cancer patients (Bachelot et al., 2003). Additionally it has been 
suggested that a combination of hyperinsulinaemia and increase IL-6 concentrations 
may act synergistically
30
 in increasing breast cancer risk (Gonullu et al., 2005). 
 
Single nucleotide polymorphisms in the promoter region of the IL-6 gene were 
positively correlated to breast cancer risk and disease outcome (Slattery et al., 2007). 
Particularly the G/C polymorphism at position -174 is associated with breast cancer 
risk, with C being the recessive risk allele (Gonullu et al., 2007; Hefler et al., 2005; 
Saha et al., 2003; Slattery et al., 2007). Several other studies however did not find a 
similar association (Cherel et al., 2009; Litovkin et al., 2007). Since these SNPs are in 
the promoter region of the gene, it is suggested that their function may have an effect on 
IL-6 expression and secretion. None of these authors however measured IL-6 
concentration between different SNP carriers. In the study presented here the influence 
of IL-6 on cell proliferation in breast cancer cells and breast epithelial cells is 
investigated in chapter 6. 
 
1.5.4 The oestrogen, insulin, adipokine interplay 
In the obese individual all three possible connections (oestrogen, insulin, and 
adipokines) may contribute to the link between obesity and breast cancer. It is however 
increasingly recognised that oestrogen, insulin and leptin may interact in their 
contribution to the obesity breast cancer connection. 
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For example, insulin seems to increase cell proliferation only in ER-positive breast 
cancer cells. Epidemiologically, insulin resistance, characterised by increased insulin 
concentrations, has been is linked to increased risk of breast cancer independent of its 
ER-status (Goodwin et al., 2002). At the same time in in vitro studies no connections 
between ER-negative breast cancer cell and changes in cell proliferation or apoptosis 
after insulin treatment have been found (Costantino et al., 1993; Godden et al., 1992). 
On the other hand ER-positive breast cancer cell lines showed increased proliferation 
after IGF-1 treatment (Karey and Sirbasku, 1988) and insulin (Osborne et al., 1976). 
Furthermore combined treatment of ER-positive MCF-7 breast cancer cells with IGF-1 
and oestrogen promotes cell proliferation synergistically (Dupont and Le Roith, 2001). 
Additionally IGF-1 can activate the transcriptional activity of ER (Cho et al., 1994). It 
has also been suggested that IGF-1 is necessary for maximal transcriptional activity of 
ER (Lee et al., 1999) and the synergistic effect of oestrogen and IGF-1 treatment 
increased ER activity to a higher extent than either ligand alone (Yee and Lee, 2000). 
Alternatively, blocking either IGF-1 or oestrogen signalling, decreased growth 
stimulation of the other in breast cancer cells (Fagan and Yee, 2008). Furthermore 
IGF-1 was able to increase non-mitogenic processes, such as migration and invasion, in 
ER-positive and –negative breast cancer cells, but only ER-positive breast cancer cells 
also showed growth stimulation with IGF-1 treatment (Bartucci et al., 2001; Surmacz 
and Bartucci, 2004). 
 
One protein that is continually mentioned in the oestrogen-insulin cross talk is insulin 
receptor substrate (IRS), which is necessary for insulin and IGF-1 signalling (Sachdev 




2000). When ER-negative MDA-MB-231 breast cancer cells were transfected to 
express ER, IRS expression stabilised (Morelli et al., 2003). In fact in MCF-7 cells ER 
and IRS form a complex, as they were found to co-precipitate (Sisci et al., 2007). 
Conversely insulin signalling increased ER content in ER-positive MCF-7 breast cancer 
cells (Panno et al., 1996), which was dependent on normal IRS functioning (Ando et al., 
1998). Oestrogen treatment also increased insulin sensitivity in MCF-7 breast cancer 
cells, which increased activation of PI3-kinase and MAP-kinase cell signalling 
pathways (Mauro et al., 2001).  
 
Trastuzumab (herceptin), a novel anti-cancer agent, is a monoclonal antibody that 
targets the HER2/neu receptor and blocks human epidermal growth factor mediated 
proliferation signals, in HER2/neu overexpressing breast cancer cells. Combined 
treatment with herceptin and IGF-1R inhibitors synergistically decreased proliferation 
in HER2/neu overexpressing breast cancer cells, compared to either treatment alone 
(Camirand et al., 2002). Furthermore IGF-1 interferes with herceptin action and may 
contribute to herceptin resistance (Lu et al., 2001). Inhibition of IGF-1R restored 
sensitivity to herceptin. In a follow-up study it was shown that IGF-1 contribution to 
herceptin-resistance is predominantly mediated by activation of the PI3-kinase pathway, 
but not the MAP-kinase pathway (Lu et al., 2004). These findings suggest a connection 
between activation of HER2/neu receptor by IGF-1. IGF-1 is able to protect from anti-
cancer properties of herceptin and may account in part for observed treatment failures 
using herceptin. Additionally IGF-1 (Knowlden et al., 2005) and high insulin 





Leptin increased cell proliferation only in ER-positive breast cancer cell lines (MCF-7; 
T47D; ZR75-1) (Dieudonne et al., 2002; Hu et al., 2002; Laud et al., 2002; Somasundar 
et al., 2003). Similarly to insulin and IGF-1 the cell proliferative effects of leptin seem 
to be connected to the ER, leading to the suggestion of increased cross-talk between 
either leptin and the ER or Ob-R and ER. Leptin treatment of MCF-7 breast cancer cells 
decreased the growth inhibitory effect of the novel anti-oestrogen Faslodex™ (ICI 
182,780), decreasing ubiquitination and increasing the half-life of ER (Catalano et al., 
2004). Additionally, leptin enhanced the expression of aromatase, the enzyme 
responsible for the production of oestrogen, in MCF-7 breast cancer cells (Catalano et 
al., 2003; Robertson, 2001). Furthermore in rat adipocytes, oestrogen treatment was 
able to increase leptin mRNA expression (Machinal et al., 1999). In addition to this, the 
rate of oestrogen aromatisation and circulating concentrations of oestradiol and oestrone 
sulphate were positively correlated with leptin concentrations in obese postmenopausal 
breast cancer patients (Geisler et al., 2007). Conversely, in ER-positive breast cancer 
cells, oestrogen stimulation also increased the leptin-induced activation of STAT3 
(Binai et al., 2009).  
 
Interestingly insulin treatment of insulin unresponsive ER-negative MDA-MB-231 
breast cancer cells stimulated increased expression of leptin mRNA, indicating a 
cross-talk between insulin and leptin (Garofalo et al., 2006). This increase was mediated 
by HIF-1 (Bartella et al., 2008). MDA-MB-231 cells are “triple-negative” breast cancer 
cells and their growth stimulation is unknown. With the finding that these cells produce 
leptin and express the leptin receptor (Garofalo et al., 2006; O'brien et al., 1999; 




autocrine loop of leptin signalling in these cells. This may be a novel way to explain 
ER-negative breast cancer growth in general, however no studies examined this 
possibility, which could be done, for example, by inhibiting Ob-R in breast cancer cells 
known to express Ob-R and leptin. 
 
1.6 Cell signalling pathways and breast cancer 
Insulin, IGF-1 and most adipokines are mitogens, stimulating cell growth. It is highly 
likely that these factors exert their mitogenic effect by activation of cell signalling 
pathways known to enhance cell proliferation, survival and decrease apoptosis. Two of 
the major cell signalling pathways involved in mitogenic mitigation of extra-cellular 
signals are the phosphoinositide-3 (PI3) kinase pathway and particularly the mitogen-
activated protein (MAP) kinase pathway (Figure 1-7). 
 
1.6.1 The Phoshoinositide-3 Kinase (PI-3 kinase) pathway 
The PI3-kinase pathway is an intra-cellular kinase cascade, responsible for mediating 
the effect of extra-cellular signals to stimulate appropriate intra-cellular responses. The 
interesting function of this pathway is its mediation of insulin signalling in target cells. 
The PI3-kinase cell signalling pathway is activated by ligand–induced activation of 
specific receptors at the cell membrane. The type 1A PI3-kinase can be activated by the 
insulin receptor. When insulin binds the insulin receptor, the insulin receptor substrate 
(IRS) is phosphorylated (Figure 1-4 and Figure 1-7). Through recognition of the 
SH2-binding site, IRS activates type 1A PI3-kinase. PI3-kinase comprises of two 
subunits, the p110 catalytic subunit and the p85 regulatory subunit. The p85 subunit is 




functioning PI3-kinase. It then phosphorylates phosphatidylinositol (4,5) phosphate 
(PIP2) to phosphatidylinositol (3,4,5) phosphate (PIP3). The phosphatase PTEN is the 
corresponding phosphatase (PIP3 to PIP2), effectively regulating PIP3 signalling 
(Figure 1-4). PIP3 acts as second messenger to activate pleckstrin homology (PH) 
domain containing protein kinases (PDK) and protein kinase B (PKB/AKT)
31
. AKT is 
activated by translocation to the membrane and phosphorylation of Thr308 and Ser 473 
by PDK1 and 2, respectively (Brader and Eccles, 2004). There are three isoforms of 
AKT (AKT1, AKT2 and AKT3). AKT-1 was originally found as human homologue to 
the retroviral oncogene v-akt (Staal, 1987). AKT proteins are serine/threonine kinases, 
with numerous downstream targets. The insulin-inducible downstream target is GLUT-
4 vesicles, which then translocate to the cell membrane to import glucose through 
endocytosis. Other targets include caspase 9 and BAD, which inhibit apoptosis, MDM2, 
an inhibitor for p53, and GSK-3, linked to cell survival (Brader and Eccles, 2004; 
Fresno Vara et al., 2004; McCubrey et al., 2006; Scheid and Woodgett, 2001b).  
 
1.6.1.1 PI-3 kinase pathway and breast cancer 
Several studies have examined the role of members of the PI-3 kinase pathway in breast 
cancer aetiology and progression (Fresno Vara et al., 2004; McCubrey et al., 2006; 
Scheid and Woodgett, 2001a). Overexpression of AKT1 was frequently found in human 
breast cancer samples and was required for carcinogenesis of NIH3T3 cells (Sun et al., 
2001). Bellacosa and colleagues (1995) observed an increase in AKT2 mutations in 
breast carcinomas, which was associated with ER-negative tumours, indicating an 
association with more aggressive tumours (Bellacosa et al., 1995). Additionally 
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overexpression of AKT-3 was found in ER-negative breast tumours (Nakatani et al., 
1999). Loss of the heterozygosity of the PIP3 phosphatase PTEN
32
 (10q23) was found 
in breast carcinomas expressing markers of poor prognosis (Garcia et al., 1999).  
 
1.6.1.2 PI-3 kinase pathway and obesity 
While alterations mediating increased signalling in the PI3-kinase are likely linked in 
breast cancer progression it is hard to see how this pathway could play a role in linking 
obesity-mediated signals to increased risk of breast cancer. The reason is that PI3-kinase 




















Cell proliferation/Apoptosis Cell cycle
 
Figure 1-7: Representative overview of the PI3-kinase and MAP-kinase cell signalling 
pathway, their potential activation by insulin and the physiological effects that are 
predominantly mediated by these pathways. 
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1.6.2 The RAS-mediated MAP-kinase pathway 
The MAP-kinase signalling cascade involves three major pathways, which follow the 
same activation pattern; the RAS
33
, the p38 and the JNK-pathway (Santen et al., 2002). 
While the p38- and the JNK-pathway are generally associated with a decrease in cell 
proliferation and increased apoptotic rate, the MAP-kinase pathway has been linked to 
the opposite, an increase in cell proliferation and suppression of apoptosis. The 
MAP-kinase pathway is activated by the IRS. During insulin resistance, signalling by 
IRS to PI3-kinase is inhibited. Activation of the MAP-kinase pathway however is not 
affected in human muscle (Cusi et al., 2000). Thus with normal insulin signalling 
inhibited, the effects of hyperinsulinaemia may increase MAP-kinase activation in 
obese insulin resistance individuals. Contrary to this, if RAS activation is mediated by 
IRS stimulation of the insulin receptor, insulin resistance may also decrease 
MAP-kinase signalling as insulin resistance is linked to decreased IRS signalling by 
impaired serine phosphorylation (Qiao et al., 1999; Qiao et al., 2002). 
 
The MAP-kinase pathway comprises of a kinase cascade initiated by a stimulus at the 
cell surface to stimulate a biological response. Since the main target for this pathway is 
a transcription factor (ERK1/2), this biological response is usually a change in gene 
expression. The stimulus can be exerted by growth factors, but might also be triggered 
by insulin or adipokines. Kolch (2000) examined in detail the protein interactions 
between each member of this kinase signalling cascade and one may refer to his review 
for further insights. Receptors on the cell surface are able to pick up the signal and start 
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the phosphorylation cascade that is involved in MAP-kinase signalling (Figure 1-7). In 
case of insulin binding to its receptor, IR undergoes an auto-phosphorylation step 
followed by activation of kinase domains within the receptor, which phosphorylates 
non-receptor proteins containing SRC-homology domains, like SHC (Src homology 2 
domain-containing). The receptor-SHC complex further binds with another 
adaptor-protein GRB-2. The final protein complex is completed by acquiring the 
nucleotide exchange factor SOS. This receptor-SHC-GRB-2-SOS-complex then 
catalyses the conversion of membrane-bound GDP-RAS to GTP-RAS. The complexion 
of SHC-GRB-2-SOS is necessary to mediate activation of RAS by e.g. the GH receptor, 
while IR activation of RAS may be achieved in a different way. Since the insulin 
receptor’s primary target is the IRS, additional possibilities for activating RAS may be 
possible (Figure 1-7). Subsequently, GTP-RAS phosphorylates RAF, the first of the 
MAP-kinases. RAF then phosphorylates MAPK/ERK-kinase-1 and 2 (MEK1/2). This 
phosphorylation of MEK1/2 increases its kinase activity 7000-fold (Santen et al., 2002). 
Additionally, cytoplasm concentrations of MEK1/2 are substantially higher than RAF, 
which results in an amplification of the signal. Activated MEK1/2 is phosphorylating 
ERK1/2 at Tyr183 and Thr185 in a TEY-motif (Santen et al., 2002). There is a 
1000-fold increase in kinase-activity of ERK1/2 after being phosphorylated, even 
though no signal amplification takes place at this step, as MEK-1/2 and ERK1/2 
concentrations are similar. ERK1/2 then translocate into the nucleus and stimulate 
downstream events, which are involved in gene regulation, specifically increasing cell 
proliferation and decreasing apoptosis. The precise downstream mechanism of ERK1/2 
in the nucleus is not completely understood. ERK1/2 stimulates activation of other 




phosphorylate a number of downstream targets, such as cAMP response element 
binding protein (CREB), the co-activator CBP, c-Fos, the serum response factor and the 
oestrogen receptor (Pearson et al., 2001). ERK1/2 may act as a direct transcription 
factor or activate other transcription factors and as such is a versatile protein. The MAP-
kinase pathway may also increase gene expression regulation through interaction with 
histone-modifying proteins. Changes in chromatin-structure can change gene 
expression, as deacetylated histone molecules complex with heterochromatin protein 1 
to block transcription. Thus activation of histone acetylases (HAT) could increase gene 
transcription (Dunn et al., 2005). Thus it has been demonstrated that ERK-2 can 
activate SRC-1 which again activates the HAT protein p300/CBP (Santen et al., 2002). 
Together the effects of ERK1/2 involve chromatin remodelling and changes in gene 
expression, by phosphorylation of a number of important factors.  
 
1.6.2.1 MAP-kinase pathway and breast cancer 
Several studies indicate a connection between increased signalling in the MAP-kinase 
pathway and breast cancer (McCubrey et al., 2006; McCubrey et al., 2007; Reddy et al., 
2003; Santen et al., 2002). RAS and RAF have both been suggested to act as proto-
oncogenes, i.e. their normal function is not oncogenic, but changes in expression or 
mutations may increase their growth promoting potential and thus make them 
oncogenic. Indeed increased kinase activity, by mutation, in both kinases has been 
observed in cancer cells. Constitutively active RAS proteins have been found in about 
30% of human leukaemia patients (Flotho et al., 1999; Stirewalt et al., 2001). The 
V600E mutation in the RAF isoform B-RAF has been linked to increased MAP-kinase 




established breast cancer cell lines found that RAS and RAF isoforms were frequently 
mutated (Hollestelle et al., 2007). Another significant determinant for this pathway in 
breast cancer is its cross-talk with the ER (Santen et al., 2002). On the one hand 
ERK1/2 has been observed to serine phosphorylate the ER and enhance its 
transcriptional activity (Kato et al., 1995). Similarly, a downstream target of ERK1/2, 
RSK has similar effects on ER (Joel et al., 1998). It has also been shown that oestrogen 
stimulation of MCF-7 breast cancer cells increased phosphorylation of ERK1/2 and cell 
proliferation (Jeng et al., 2000). Similarly, inhibition of MAP-kinase activation by 
PD98059, a MEK1/2 specific inhibitor, decreased oestrogen induced cell proliferation 
in MCF-7 breast cancer cells (Lobenhofer et al., 2000). Thus in breast cancer the 
MAP-kinase cell signalling pathway plays a major role in promoting cell proliferation.  
 
Of additional interest may be that PI3-kinase and MAP-kinase pathways are known to 
cross-talk. RAS has been observed to activate PI3-kinase (Brader and Eccles, 2004; 
McCubrey et al., 2006). Conversely there is some indication that AKT can activate the 
MAP-kinase pathway by phosphorylation of RAF (Zimmermann and Moelling, 1999). 
 
1.6.2.2 MAP-kinase pathway and obesity 
Both leptin and insulin have been demonstrated to activate the MAP-kinase pathway in 
breast cancer cell lines (Alblas et al., 1998; Catalano et al., 2004). In obese insulin 
resistant mice however a decrease in MAP-kinase activity was observed (Chang et al., 
1995). There does not seem to be a direct effect of obesity on MAP-kinase signalling in 





The main aim of the study presented here is to investigate the molecular mechanisms in 
an in vitro cell system that could explain the observed epidemiological increase in 
breast cancer incidences and breast cancer mortality in obese postmenopausal women. 
In particular this study aimed to assess the effect of high concentrations of insulin in a 
breast cancer and normal breast epithelial cell system (chapter 3 and 7), in addition to 
the effects of adipokines leptin (chapter 4), TNF-α (chapter 5), adiponectin and IL-634 
(both in chapter 6). The role played by insulin and these adipokines in cell proliferation, 
activation of cell signalling pathways, apoptosis and progression of cell cycle has been 
studied. 
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 For adiponectin and IL-6 only cell proliferation was studied.  
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2 MATERIALS AND METHODS 
2.1 Cell Culture 
2.1.1 Cell lines and cell maintenance 
Human Caucasian breast adenocarcinoma cells MDA-MB-231 (Cat No: 92020424, 
passage No: 36) cells were purchased from the European Collection of Cell Cultures 
(ECACC, Salisbury, UK). Cells were harvested from a pleural effusion of a breast 
cancer patient and subsequently determined not to express ER, PgR (Cailleau et al., 
1978) and low levels of the HER2/neu receptor (Kunisue et al., 2000). Additionally 
these cells express the WNT7B oncogene (Huguet et al., 1994), carry a mutant tp53 
allele and do not express p53 (Negrini et al., 1994). Importantly for this project these 
cells are reported to have a miss-sense mutation in genes coding for KRAS (G13D) and 
BRAF (G464V) (Hollestelle et al., 2007). These genes express kinases involved in the 
MAPK cell signalling pathway. The BRAF G464V increases RAS dependent 
phosphorylation two-fold (Davies et al., 2002). The G13D mutation in KRAS has been 
linked to increased microsatellite instability (MSI) in colorectal cancers (Oliveira et al., 
2005). 
 
Human Caucasian breast epithelial cells MCF-10A (ATCC No: CRL-10317, passage 
No: 102) were purchased from the American Type Culture Collection (ATCC, 
Manassas, USA). This cell line derived from a patient with fibrocystic disease 
undergoing breast biopsy. Subsequent analysis of the cell lines showed it to be 
non-tumourigenic in nude mice (Soule et al., 1990). Further investigation led to the 
conclusion that these cells are characterised as normal breast epithelial cells (Tait et al., 
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1990). These cells are also ER-negative with wild-type HRAS gene (Debnath et al., 
2003). 
 
Human Caucasian breast adenocarcinoma cells SK-BR-3 cells (ATCC No: HTB-30, 
passage No: 28) were purchased from ATCC. This cell line was established from a 
pleural effusion of a 43-year old female Caucasian breast cancer patient (Trempe, 
1976). This cell line is known to overexpress the product of the HER2/ErbB-2 gene 
(Hudziak et al., 1997). These cells do not express the ER (Thomas et al., 2005). These 
cells do not have any of the common mutations in the members of the PI-3 kinase or 
MAP kinase cell signalling pathways (Hollestelle et al., 2007). 
 
MDA-MB 231 cells and SK-BR-3 cells were routinely cultured in RPMI 1640 Medium 
(including 25 mM HEPES, 1x Glutamax) (Gibco (Invitrogen), Paisley, UK, Cat No: 
72400) supplemented with 10% FCS (Pierce Biosciences, Cramlington, UK, Cat No 
CHD0413) and 100 U/ml Penicillin and 100 µg/ml Streptomycin (Gibco, Cat No: 
15140). MCF-10A cells were cultured in DMEM/F-12 Medium (Bio-Whittaker UK 
(Lonza Biologics), Slough, UK, Cat No: BE12-7199) supplemented with 5% Horse 
Serum (Sigma-Aldrich, Gillingham, UK, Cat No: H1138), 10 µg/ml human insulin 
(Sigma, Cat No: I9278)), 0.5 µg/ml hydrocortisone (Sigma, Cat No; H0888), 20 µg/ml 
human Epidermal Growth Factor (Invitrogen, Cat No: 13247-051), 100 ng/ml cholera 
toxin (Sigma, Cat No: 8052), 50 U/ml penicillin and 50 µg/ml Streptomycin (Gibco). 
All cell lines were cultured adherent in 75 cm
2
 tissue culture flasks (Nunc (Fisher 
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Scientific), Loughborough, UK) at 37ºC with 5% CO2 supplemented, humidified 
atmospheric air. 
 
Cells, grown in 75 cm
2
 tissue culture flasks, were sub-cultured every 72-96 h for up to 
30 passages. To subculture, cells were washed twice with 10 ml sterile 1 x phosphate 
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10mM H2PO4, pH 7.4; Sigma, Cat 
No: P4417). PBS was then completely removed and 2.5 ml of sterile Trypsin/EDTA 
solution was added. MDA-MB 231 cells were incubated at 37°C for up to 5 min, 
SK-BR-3 cells were incubated at 37°C for up to 10 min and MCF-10A cells were 
incubated for up to 25 min until all cells were detached and suspended in 
Trypsin/EDTA solution as confirmed by microscopy. Cells were added to 10 ml of their 
respective growth medium and centrifuged at 1500g for 3 min. Supernatant was 
discarded and cells were re-suspended in 5 ml of growth medium. Cells were passed 
several times through a needle to ensure homogeneous single cell suspension. 
Concentration of cells was determined using a standard counting chamber 
(Haemocytometer, Neubauer). For routine culture 1x10
6
 cells of MDA-MB 231 cell 
suspension, 2x10
6
 cells of SK-BR-3 cell suspension and 0.75x10
6
 of MCF-10A cell 
suspension were transferred to a new 75 cm
2
 tissue culture flask containing 15 ml of 
growth medium. If used for an experiment, cell numbers seeded were dependent on the 
kind of experiment and are outlined in each experimental description. 
 
2.1.2 Cell cycle synchronisation 
Synchronisation of cell cycles for all cell lines was performed by 24 h incubation in 
serum-free medium before each experiment. Serum-free medium was RPMI 1640 
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(25 mM HEPES, 1x Glutamax) (Gibco) supplemented with 100 U/ml penicillin and 
100 µg/ml streptomycin (Gibco) for MDA-MB 231 cells and SK-BR-3 cells and 
DMEM/F12 (Bio-Whittaker) supplemented with 100 U/ml penicillin and 100 µg/ml 
streptomycin for MCF-10A cells. After an initial incubation period of 24 h to allow 
cells to attach, growth medium was discarded, cells were washed once in 1 x PBS and 
subsequently serum-free medium was added and cells were incubated for 24 h. After 
incubation in serum-free medium, cells were again washed in 1 x PBS. Fresh serum-free 
medium was given to untreated control cells. Treatment medium was given to treated 
cells specified for each experiment.  
 
Cells were kept in serum-free medium in an attempt to synchronise the cell cycle within 
the diverse population of cells. Withdrawal of FCS deprived the cells of hormonal input 
to keep growing as well as of certain nutrients necessary to maintain cell cycle 
progression. Cells incubated in serum-free medium should arrest their cell cycle at the 
G1 stage, essentially going into a quiescent stage known as G0. Thereby a uniform cell 
population can be obtained. A uniform cell population should react uniformly to any 
treatment, while a diverse “unsynchronised” cell population will react differently to a 
treatment. 
 
2.1.3 Cell culture reagents preparations 
2.1.3.1 Insulin 
Human insulin (Sigma) was supplied as 10 mg/ml stock solution. Before each treatment 
58.1 µl 10 mg/ml insulin was mixed with 941.9 µl sterile PBS to create 100 µM insulin 
stock solution. Insulin was diluted 1:1000 to obtain 100 nM insulin treatment 
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concentrations. Insulin treatment medium was made by adding 2 µl of 100 µM insulin 
to 2 ml serum-free medium. Insulin treatment medium was either used directly or 
further supplemented with cell signalling pathway inhibitors. Fresh 100 μM insulin 
stock solution was prepared for each experiment. 
 
2.1.3.2 Leptin 
Human leptin (Sigma, Cat No: L4146) was supplied as 1 mg lyophilised powder with 
>97% purity. For reconstitution 10 ml of 15 mM HCl (12.5 μl of 12 M HCl stock in 
10 ml ddH2O) and 10 ml of 7.5 mM NaOH (3 mg solid NaOH in 10 ml ddH2O) were 
0.2 μm filter-sterilised with syringe driven microfilters. According to the manufacturer’s 
instructions leptin was reconstituted in 0.5 ml of 15 mM HCl. After the protein was 
completely dissolved 0.3 ml of 7.5 mM NaOH was added. The resulting concentration 
was 1.25 mg/ml or 78.125 μM leptin. The reconstituted leptin was further diluted to 
1 μM (128 μl reconstituted leptin solution in 10 ml sterile PBS) and stored at -20°C in 
1 ml aliquots. Before treatments aliquots were diluted 1:10 in serum-free medium to 




Human tumour necrosis factor-alpha (TNF-α, Sigma, Cat No: T0157) was supplied as 
10 μg/ml PBS solution containing 0.1% BSA carrier protein. As recommended by the 
manufacturer supplied TNF-α solution was further diluted 1:10 resulting in 10 ml of 
1 μg/ml TNF-α. Diluent was PBS without further BSA addition. Addition of BSA at 
0.1%-1% was recommended by the manufacturer but was omitted as BSA could not be 
MATERIALS AND METHODS 
 
 98 
added aseptically and filter-sterilisation was not recommended by the manufacturer due 
to possible adsorption of TNF-α onto the filter membrane. The diluted TNF-α solution 
was stored at -20°C in 1 ml aliquots. Upon commencing treatment, the TNF-α solution 
was diluted 1:100 in serum-free medium to obtain 10 ng/ml TNF-α treatment solution. 
 
2.1.3.4 Adiponectin 
Human adiponectin (R&D systems, Abingdon, UK, Cat No: 1065-AP) was supplied 
(Lot No: FGJ8608051) in sterile PBS solution containing 50 μg adiponectin. According 
to the manufacturer’s instruction, 0.5 ml sterile PBS was added to make 100 μg/ml 
solution. Adiponectin stock solution was stored at -20°C in 100 μl aliquots. Treatment 
medium of 250 ng/ml and 500 ng/ml adiponectin was obtained by diluting reconstituted 
adiponectin solution 1:400 and 1:200 in serum-free medium, respectively. 
 
2.1.3.5 IL-6 
Human IL-6 (Sigma, Cat No: I1395)) was supplied as 10 μg lyophilised powder with 
>97% purity. IL-6 was reconstituted in 1 ml of sterile ddH2O and stored at -20°C in 
200 μl aliquots. For treatment reconstituted IL-6 solution was diluted 1:1000 in serum-
free medium to obtain 10 ng/ml IL-6 treatment solution.  
 
2.1.3.6 Cell signalling pathway inhibitors 
Wortmannin is a specific and irreversible inhibitor of the PI3-kinase, which is 
responsible for mediating normal insulin signalling (see Figure 1-4 and Figure 1-7). It 
was supplied as 1 mg lyophilised powder (Calbiochem (Merck), Darmstadt, Germany, 
Cat No: 681675) and reconstituted in 466.9 µl dimethylsulfoxide (DMSO; Sigma) to 
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create 5 mM wortmannin stock solution. The stock solution was further diluted 1:1000 
in PBS and stored in 100 μl aliquots as 5 µM solution at -20°C. Thawed aliquots were 
diluted 1:50 in serum-free medium to obtain 100 nM wortmannin treatment solution. 
Wortmannin treatment solution was used alone for 1 h pre-treatment or in combination 
with 100 nM insulin. 
 
The MAP kinase inhibitor PD98059 (Cell Signalling Technology (New England 
Biolabs UK), Hitchin, UK, Cat No: 9900) is selective to inhibit RAF-mediated 
phosphorylation of MEK, the ERK-kinase responsible for activation of ERK1/2, thus 
inhibiting MAP-kinase signalling. It was supplied as 1.5 mg lyophilised powder and, 
upon reconstitution, was dissolved in 280 µl DMSO to create 20 mM stock solution. 
Then 280 µl 20 mM PD98059 was dissolved with 4.2 ml PBS and stored in 100 μl 
aliquots as 1.25 mM stock solution at -20°C. PD98059 readily dissolved in DMSO but 
required rigorous vortex for several minutes to completely dissolve in PBS and aliquots 
needed to be vortexed rigorously after being thawed to dissolve all precipitate. PD98059 
stock solution was diluted 1:25 in serum-free medium to create 50 μM treatment 
medium.  
 
2.2 Assessment of cell proliferation 
2.2.1 Assessment of cell proliferation by BrdU incorporation 
Cell proliferation was detected using a colorimetric Cell Proliferation ELISA Kit 
(Roche Diagnostics, Penzberg, Germany, Cat No. 11 647 229 001), which assesses 
DNA replication by measuring bromodeoxyuridine (BrdU) incorporation (Figure 2-1). 
This assay can be used as non-radioactive alternative to [
3
H]-thymidine-incorporation as 
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a measure of newly synthesised DNA. BrdU is a thymidine analogue and, as such, is 
incorporated into newly synthesised DNA (Figure 2-2).  
DNA






absorbance at 450 nm
Tetramethylbenzidine (TMB)
 
Figure 2-1: Overview of cell proliferation analysis 
 




Figure 2-2: Comparison of chemical structure of deoxythymidine and bromodeoxyuridine 
(BrdU). 
 
The amount of BrdU incorporated into the DNA is proportional to the amount of DNA 
synthesis during chromosome replication. Chromosome replication is an accurate 
measurement of cell proliferation as replication only takes place during the S-phase of 
the cell cycle, indicating a progression from the quiescent G0/G1 stage. After 
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incorporation BrdU is detected by a specific anti-BrdU antibody coupled with a 
peroxidase enzyme. The peroxidase enzyme then turns a colourless substrate into a 
green product. This colour reaction is stopped by adding sulphuric acid after a 
determined timepoint to allow consistent measurement between each experiment. The 
amount of colour development is then quantified on a spectrophotometer and is directly 
proportional to the amount of BrdU antibody bound, to the amount of BrdU 
incorporated and to the proliferation of the cells. The amount of developed product is 
measured at 450 nm with a correction wavelength of 690 nm. 
 
2.2.1.1 Detection of incorporated BrdU 
BrdU was supplied as 1 ml of 1000x concentrate, which was diluted in 100 ml PBS 
(10x = 100 µM BrdU), 0.2 µm filter-sterilised and stored at -20°C in 5 ml aliquots. 
Before treatment 500 µl of 100 µM BrdU was added to 4.5 ml serum-free medium 
resulting in 10 µM BrdU for each treatment. The BrdU antibody was supplied as an 
unspecified amount of lyophilised powder, reconstituted in 1.1 ml ddH2O as 
recommended and stored at -20°C in 100 µl aliquots. Before analysis, the reconstituted 
antibody was diluted 1:100 in supplied “antibody dilution solution”. No information 
was given by the supplier on the composition of the “antibody dilution solution” and 
about the final concentration of the BrdU antibody supplied with the kit.  
 
After discarding the treatment medium, the treated plates could be kept for up to 7 days 
at 4°C according to the manufacturer’s protocol. This did not lead to a break-down of 
incorporated BrdU. If 48 h and 24 h treatments were performed simultaneously, the 
24 h plate was usually kept at 4°C overnight. BrdU detection was started by adding 
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200 µl/well supplied fixing/denature solution and incubating for 30 min at room 
temperature. This step makes the cells permeable for BrdU-antibody. No information 
about the composition of the fixing/denature solution was available. During fixing, 
50 µl of reconstituted BrdU-antibody was diluted 1:100 in 5 ml supplied “antibody 
dilution solution”. The fixing/denature solution was discarded and immediately 100 µl 
of diluted antibody solution was added to each well and incubated for 90 min at room 
temperature. The antibody solution was completely removed. Supplied concentrated 
wash solution was diluted 1:10 and wells were washed three times with 250 µl wash 
solution per well. Wash solution was PBS. After discarding the last wash, 100 µl 
substrate solution was added to each well. The supplied manual identified substrate 
solution to contain tetramethylbenzidine. Cells were incubated for 10 min at room 
temperature. The colour reaction was stopped by adding 25 µl 1 M H2SO4 to each well 
and gentle shaking for 1 min. Absorbance was immediately measured at 450 nm with a 
reference wavelength of 690 nm. Using this method the effect of several treatments on 
cell proliferation was analysed (Table 2-1).  










BrdU (10 μM) 
added 
Chapter 
Insulin 100 nM 24h 
100 nM 
Wortmannin, 
50 μM PD98059 
immediately 3 
Insulin 100 nM 48h NA after 24 h 3 
Leptin 100 nM 24h/48h NA immediately 4 
TNF-α 10 ng/ml 24h/48h NA immediately 5 




24h/48h NA immediately 6 
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2.2.2 Assessment of cell proliferation by MTT-turn-over 
In addition to assessment of cell proliferation using BrdU incorporation, cell 
proliferation in MDA-MB-231 cells was also assessed using the MTT-assay. MTT 
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), a yellow tetrazole salt 
can be reduces to purple Formazan by mitochondrial NADH-dependent dehydrogenases 
(Figure 2-3). Mitochondrial activity is assumed to reflect the rate of cell metabolism and 
thus the rate of Formazan formation is directly representative of cell viability.  
 
DMSO was used to solubilise hydrophobic Formazan and create a uniform colour 
solution. Soluble Formazan has its highest absorption value at wavelength between 







Figure 2-3: Reduction of MTT to Formazan in viable cells 
 
MDA-MB-231 breast cancer cells were plated in 96-well plates at 5x10
3
 cells/well, 
incubated in serum-free medium and treated as described in section 7.2.2.1. Four hours 
before the end of the 24 h or 48 h treatment with 100 nM insulin, 1 mg/ml MTT was 
added to cells. At the end of the total treatment time, all medium was removed and 
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200 μl DMSO was added to each well. Plates were incubated on an orbital shaker for 
15 min in the dark. Then absorption was determined at a wavelength of 560 nm.  
 
2.3 Assessment of AKT-phosphorylation and ERK1/2-phosphorylation after 
insulin treatment 
Cell-based ELISA Phospho-AKT (S473) Immunoassay (Cat No: KCB887) and 
Phospho-ERK1/ERK2 (T202/Y204) Immunoassay (Cat No: KCB1018) were used and 
purchased from R&D Systems (Abingdon, UK). Both kits work on the same principle 
and with the same chemicals except the difference in antibodies. These assays quantify 
the phosphorylation and expression of AKT and ERK1/2 directly on the cells without 
the necessity of extracting the protein first (Figure 2-4). Phosphorylation of either 
protein indicates activation of their respective pathway. The whole assay is performed 
in a supplied 96-well plate. Specific antibodies binding the total or phosphorylated 
protein are used and each specific antibody is tagged with a different enzyme. Two 
substrates produce a fluorescent product specific for each enzyme. Each substrate can 
only and exclusively be processed by one of the two enzymes. Each reaction creates a 
product that has a different excitation and emission wavelength, allowing for 
simultaneous detection of phosphorylated and total protein. Measuring total and 
phosphorylated protein allows a direct determination of phosphorylation changes 
independent of variables that change total protein concentrations. 
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1. Seed, Fix, Block
2. Add primary antibody










AP conjugated Anti-mouse 
IgG
 
Figure 2-4: Overview of detection assay of phosphorylated and total protein expression of cell 
signalling kinases AKT and ERK1/2 
 
Each kit required preparations to be carried out before the start of the first experiment. 
The primary antibodies were supplied as freeze dried powder. The phosphorylated and 
total antibody were reconstituted in 110 µl sterile PBS each. The reconstituted 
antibodies were then stored in 10 µl aliquots at -20°C. The supplied 5x wash buffer 
concentrate (60 ml) was added to 240 ml sterile PBS and stored at 4°C. According to 
the manufacturer’s manual, the wash buffer contained an unspecified amount of “a 
buffered surfactant with preservatives”. The “Substrate F1 concentrate” (50 µl) was 
transferred to the provided “F1 diluent” (10 ml). The prepared “substrate F1 diluent” 
was stored at 4°C. 
 
After treatment the cells were fixed in 4% Formaldehyde (1.3 ml 37% formaldehyde 
(Sigma) and 10.7 ml sterile PBS) solution for 20 min at room temperature. After fixing 
the cells, the formaldehyde solution was removed and cells were washed three times in 
200 µl/well wash buffer. Each washing step was performed for 5 min with gentle 
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shaking on an orbital shaker. During the washing step, the “quenching buffer” was 
prepared by adding 200 µl 30% hydrogen peroxide (H2O2, Sigma) to 9.8 ml washing 
buffer. After the last wash was discarded, 100 µl of quenching buffer was added to each 
well and the plate was incubated for 20 min at room temperature. After this incubation, 
the quenching buffer was discarded and the cells were washed as before. After 
discarding the last wash, 100 µl/well supplied blocking buffer was added and the plate 
was incubated for 1 h at room temperature. The blocking buffer contained 10% FCS. 
After 1 h incubation, the blocking buffer was discarded and the cells were washed as 
before. Meanwhile the primary antibody working solution was prepared by diluting 
each primary antibody (phosphorylated and total protein) 1:1000 in blocking buffer. 
After discarding the last washing step, 100 µl of primary antibody working solution was 
added to each well, except in the “no primary antibody”-wells, which were re-
supplemented with 100 µl of blocking buffer. The plate was sealed with a plate sealer 
and incubated overnight at 4°C. After the overnight incubation, the primary antibody 
solution was discarded and cells were washed as before. Meanwhile the secondary 
antibody solution was prepared by diluting each secondary antibody 
(horseradish-peroxidase (HRP)-conjugated secondary antibody to detect phosphorylated 
protein specific primary antibody and alkaline phosphatase (AP)-conjugated secondary 
antibody to detect total protein specific primary antibody) 1:1000 in blocking buffer. 
After discarding the last wash, 100 µl of the secondary antibody solution was added to 
each well including the “no primary antibody”-wells and incubated for 2 h at room 
temperature. After this incubation, cells were washed twice with 200 µl/well washing 
buffer and twice with 200 µl/well sterile PBS. Each washing step was performed for 
5 min with gentle shaking on an orbital shaker. After discarding the last wash, 
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75 µl/well diluted substrate F1 was added to each well and the plate was incubated for 
30 min at room temperature. The provided protocol advises to protect the plate from 
light at this stage, so the plate was wrapped in aluminium foil. After 30 min incubation, 
75 µl/well substrate F2 was added and incubated for an additional 30 min. Fluorescence 
was immediately measured on Fluoroskan Ascent (Labsystem, UK) with excitation at 
544 nm and emission at 590 nm, followed by a second read with excitation at 355 nm 
and emission at 460 nm. The 590 nm read represents the amount of phosphorylated 
AKT or phosphorylated ERK1/2, while the readings at 460 nm represent the amount of 
total AKT or total ERK1/2 in the cells. The supplied protocol advises to read the 
phosphorylated protein with excitation at 540 nm and emission at 600 nm and the total 
protein with excitation at 360 nm and emission at 450 nm. The fluorescent plate reader 
that was used does not allow to read at exactly these wavelengths so the above 
mentioned wavelength were used instead, which were reasonably close to the advised 
wavelength and should not affect the outcome as relative values were desired. 
 
2.4 Quantification of protein concentrations  
Protein concentrations were determined using the DC Protein Assay Kit (BioRad, 
Hertfordshire, UK, Cat No: 500-0116) irrespective of extraction method. This kit is 
based on measuring protein concentrations using the method first described by Lowry 
and colleagues (1951). Protein standards (0.5 mg/ml, 0.75 mg/ml, 1 mg/ml, and 
1.25 mg/ml) were made from BSA (Sigma) in the same lysis buffer used for protein 
extraction for each experiment. In a 96-well plate 5 µl of standards in replicates of eight 
and of 1:2 dilutions of samples in replicates of 4 were plated. Then 25 µl of solution A 
(containing alkaline copper tartrate) was added to each well, immediately followed by 
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200 µl solution B (containing folin) in each well. Plates were then incubated for 15 min 
at room temperature. Absorption was measured at 650 nm. 
 
2.5 Insulin receptor phosphorylation assay 
The protein expression of insulin receptor in the cell culture model was assessed by 
western blotting (see section 2.6), the insulin receptor (IR) phosphorylation however 
was examined using DuoSet IC human phospho insulin receptor kit (R&D systems, Cat 
No: DYC2718). The principle of this assay was to isolate the insulin receptor from a 
whole cell lysate and then probe the isolated insulin receptor protein with a 
phospho-tyrosine specific antibody to test for phosphorylation. To isolate the insulin 
receptor from the whole cell lysate, an insulin receptor capture antibody is immobilised 
on the bottom of 96-well plate well. The cell lysate is then put on top with only the 
insulin receptor binding to the antibody and all other proteins being washed away in 
subsequent washing steps. The amount of phosphorylation is then examined by 
incubating the bound insulin receptor with a phospho-tyrosine antibody, which binds 
exclusively to phosphorylated tyrosine residues. This secondary antibody is tagged with 
a peroxidase enzyme and the same colour reaction as described for the BrdU 
incorporation assay (section 2.2.1.1) can be used to examine the amount of 
phosphorylated insulin receptor. 
 
This kit required a number of solutions to be prepared and reconstitution of the supplied 
capture antibody. The manufacturer’s instructions suggested using PBS with 8.1 mM 
H2PO4. Instead PBS, containing 137 mM NaCl, 2.7 mM KCl and 10 mM H2PO4, was 
used, which is the same PBS concentration used throughout the project. PBS was 
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0.2 µm filter sterilised. Wash buffer was prepared containing 0.05% Tween in PBS. 
Blocking buffer contained 1% BSA and 0.05% NaN3 in PBS. Buffer #12 contained 1% 
NP-40, 20 mM Tris, 137 mM NaCl, 10% glycerol, 2 mM EDTA, 1 mM activated 
Na3VO4. Buffer #14 contained 20 mM Tris, 137 mM NaCl, 0.05% Tween, and 0.1% 
BSA. Lysis Buffer #9 contained 10 µg/ml Aprotinin and 10 µg/ml Leupeptin in Buffer 
#12. Blocking buffer and buffer #14 were stored at 4°C. Buffer #12 and #9 were made 
fresh for each new experiment. Stock solutions of 4 M NaCl, 1 M Tris (pH8), 0.5 mM 
EDTA were stored at room temperature; stock solution of 1 M Na3VO4 was kept in 
200 µl aliquots at -20°C. Aprotinin (Sigma, Cat No: A6279) and Leupeptin (Sigma, Cat 
No: L4146) were kept at -20°C in aliquots of 1.4 mg/ml and 2.5 mg/ml, respectively. 
The supplied insulin receptor capture antibody was reconstituted in 200 µl PBS and 
20 µl aliquots were stored at -20°C. The reconstituted antibody concentration was 
1440 µg/ml. The supplied phospho-insulin receptor control protein was reconstituted by 
adding 500 µl buffer #12 to yield 240 ng/ml protein. The control protein was prepared 
immediately before its use in the assay and reconstituted control protein was not stored. 
 
After treatment of cells, 250 µl Lysis Buffer #9 was added and cells were incubated on 
ice for 5 min. Cells were then suspended in Lysis buffer #9 using a cell scraper and 
transferred to sterile microcentrifuge tubes. Cell suspensions were sonicated for 15 sec 
on ice. Then cells were centrifuged for 5 min at 14000 x g at 4°C. Supernatant was 
transferred to new microcentrifuge tubes and immersed for 10 sec in liquid nitrogen 
before being stored at -80°C. Protein concentrations were assessed as described in 
section 2.4 with protein standard being made in buffer #12. 




1. Immobilise Capture Antibody
2. Add cell lysate; IR binds specifically
3. Add tagged secondary antibody
4. Add tetramethylbenzidine (TMB) 
substrate and measure absorbance
 
Figure 2-5: Overview of the detection of phosphorylated insulin receptor 
 
Once the total amount of protein was determined for each sample, the 96-well 
ELISA-microplate was prepared (Figure 2-5). The capture antibody was diluted in PBS 
to a working concentration of 8 µg/ml. The wells of a 96-well plate were then coated 
with 100 µl/well of diluted capture antibody. The plate was sealed with a plate sealer 
and incubated overnight at room temperature. Each well was then washed five times 
with 400 µl/well wash buffer using a squirt bottle. After removing the last wash, the 
plate was inverted and blotted against a paper towel to remove residual wash solution. 
Then 300 µl/well of blocking buffer were added and, after applying a plate sealer, the 
plate was incubated for 2 h at room temperature. The wells were then washed five times 
as described before. The cell lysate samples (100 µl) were then added at a concentration 
of 1 mg/ml resulting in 100 µg protein per well (Figure 2-5). Necessary dilutions of 
samples were made in buffer #12. Buffer #12 alone was used as negative control. 
Control protein was diluted to a working concentration of 8 ng/ml and added as positive 
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control. The plate was then covered with a plate sealer and incubated for 2 h at room 
temperature. Then the wells were washed five times as described before. The secondary 
antibody was diluted 1:1000 in Buffer #14 and 100 µl of diluted secondary antibody 
was added to each well (Figure 2-5). The plate was sealed with a new plate sealer and 
incubated for 2 h at room temperature. The manufacturer’s instructions advise to avoid 
placing the plate in direct light, so the plate was wrapped in aluminium foil at this point. 
The wells were washed five times as described previously. Stable peroxide solution and 
tetramethylbenzidine solutions (R&D systems, Cat No: DY999) were mixed 1:1 and 
100 µl of this mixture was added to each well (Figure 2-5). The plate was again 
wrapped in aluminium foil and incubated for 20 min at room temperature. Directly 
before measuring absorption 50 µl of 1 M H2SO4 was added to each well. Absorption 
was then read at 450 nm with a correction wavelength of 540 nm. 
 
2.6 Assessment of protein expression and/or phosphorylation by western 
blotting analysis 
Western blotting is a method used to identify phosphorylation and/ or total expression 
of a specific protein within a whole protein extract. Most proteins are negatively 
charged and will travel in an electric current towards the anode. This principle is 
exploited by letting the proteins travel through a polyacrylamide gel on an electric 
current. The polyacrylamide gel forms a uniform grid acting as an obstacle to the 
travelling proteins. The smaller the protein, the quicker it will travel through the 
polyacrylamide grid and vice versa, allowing separation of proteins according to their 
size. The proteins are then immobilized by transferring them on a polyvinylidene 
difluoride (PVDF) membrane using the same principle of proteins travelling in an 
electric current. The protein detection is based on a similar principle as the cell 
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signalling ELISA analyses. A primary antibody is used to detect the protein of interest, 
and then a secondary antibody tagged to an enzyme recognises the primary antibody. 
Enzyme detection is then accomplished by adding enzyme substrate to the membrane, 
which develops a chemiluminescent signal that can be detected by exposing the 
membrane to an X-ray film or by CCD camera. Quantitative analysis of the intensity of 
the chemiluminescent signal allows direct measurement of the concentration of protein 
present in the sample. After the protein of interest was quantified the membranes were 
re-examined for the expression of β-actin. Expression of this protein is universal and not 
affected by treatment, thus it can act as control for sample loading and detection 
differences. Membranes were therefore “stripped” of the original antibodies using a 
mild stripping buffer (Pierce). If phosphorylated protein was examined, the membranes 
were not re-examined for β-actin but instead were re-examined for the corresponding 
total protein, following the same principle as the phosphorylation ELISAs. 
 
2.6.1 Protein extraction 
After treatment, cells were washed once with sterile PBS before 250 µl 1x Lysis Buffer 
(Cell Signalling Technology, Cat No: 9803; 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM 
Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM 
β-glycerophosphate, 1 mM sodium orthovanadate, 1 µg/ml Leupeptin) supplemented 
with 1 mM phenylmethanesulfonyl fluoride (PMSF, Sigma, Cat No: P7626) was added 
to each dish. After incubation on ice for 5 min, cells were then suspended by scraping, 
transferred to 1.5 ml microcentrifuge tubes and sonicated for 15 sec on ice. Protein 
extract was centrifuged at 14000 x g for 10 min at 4ºC and supernatant was transferred 
to new microcentrifuge tubes. If not immediately used, tubes with protein extracts were 
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immersed in liquid nitrogen for 10 s and stored at -80ºC. Protein concentrations were 
determined using the DC Protein Assay Kit (BioRad) following the method described in 
section 2.4. BSA protein standards were made in 1% Triton solution. 
 
2.6.2 Protein electrophoresis by SDS-PAGE 
Whole protein extracts (25 µg) were subjected to SDS-Polyacrylamide Gel 
Electrophoresis (SDS-PAGE). Resolving gels contained 375 mM Tris (pH 8.8), 0.1% 
SDS, 0.05% Ammonium Persulfate and 0.05% TEMED and different concentrations of 
acrylamide. The acrylamide concentrations and electrophoresis times for specific 
proteins of interest are summarised in Table 2-2. Acrylamide concentrations and 
electrophoresis times had to be adapted for each protein according to their molecular 
weight and to obtain clearly defined signals for each protein. Stacking gels contained 
125 mM Tris (pH 6.8), 6% acrylamide, 0.1% SDS, 0.05% Ammonium Persulfate, 0.1% 
TEMED. All electrophoreses were performed at 150 V in 1x Running Buffer (250 mM 
Tris, 35 mM SDS, 1.92 M Glycine). 
 
Table 2-2: Acrylamide concentrations and electrophoreses times for examined proteins 
Protein Acrylamide concentration in resolving gel [%] Electrophoresis time [min] 
Caspase 3 12 60 
Cleaved Caspase 3 17 90 
ERK1/2 15 90 
Insulin Receptor 9 90 
JC1 9 90 
MCM2 9 70 
PI3 Kinase p85 9 90 
PCNA 9 60 
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2.6.3 Western Blotting 
Separated proteins were transferred to PVDF membrane (Amersham Bioscience, Little 
Chalfont, UK) by lateral electrophoresis. Membranes had to be completely immersed in 
100% Methanol and then washed in ddH2O water before being used. Transfers were 
executed at 360 mA for 45 min in ice-cold 1 x Transfer Buffer (250 mM Tris, 35 mM 
SDS, 1.92 M Glycine, 20% Methanol). Membranes were then blocked for up to 3 h in 
1 x TBS (20 mM Tris, 137 mM NaCl, pH 7.6) plus 0.01% Tween-20 (TBST) and 5% 
skimmed milk. Membranes were then washed three times in 25 ml TBST for 5 min with 
gentle rocking. Then 10 ml primary antibody dilution (5% BSA in TBST, see Table 
2-3) was added and membranes were incubated overnight at 4°C on a revolving tray. 
Membranes were washed as before. Then membranes were incubated in 10 ml 
secondary antibody dilution (5% skimmed milk in TBST with 1:2500 dilution; Table 
2-3) for 1 h at room temperature. Anti-mouse secondary antibodies (sc-2005) and 
anti-rabbit secondary antibodies (sc-2004) were from Santa Cruz Biotechnology (Santa 
Cruz, USA). Membranes were washed as before. Horseradish-peroxidase (HRP) 
conjugated antibodies were detected using ECL Western Blotting Substrate Kit (Perbio 
Bioscience (Pierce), Cramlington, UK). For each membrane, 2 ml of Substrate A was 
mixed with 2 ml of Substrate B. The membrane was completely covered in mixed 
solution and incubated for 5 min at room temperature. Then excessive substrate solution 
was discarded and the membranes were wrapped in cling film before being analysed by 
X-ray films and CCD-cameras. Densitometry data was obtained using GelDoc CCD 
imaging (Bio-Rad) and Quantity One software (Bio-Rad).  
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Insulin Receptor rabbit Santa Cruz (sc-711) 1:1000 1:2500 
JC1 mouse Santa Cruz (sc-53424) 1:4000 1:2500 
MCM2 rabbit Santa Cruz (sc-10771) 1:1000 1:2500 
PI3 Kinase p85 mouse Santa Cruz (sc-1637) 1:1000 1:2500 
PI3 Kinase p85  
(Tyr 508) 
rabbit Santa Cruz (sc-12929) 1:1000 1:2500 
PCNA mouse Sigma (P8825) 1:1000 1:2500 
Beta actin mouse Sigma (A5441) 1:5000 1:10000 
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2.7 Gene expression analysis 
Two methods were used to examine gene expression changes. Microarray analysis 
allowed examination of several dozen of genes in a single experiment. Reverse-
transcription polymerase chain reaction (RT-PCR) was used to analyse expression of a 
specific gene. 
 
2.7.1 Microarray analysis 
The microarray used was the Oligo GEArray
®
 Human Cancer PathwayFinder™ 
Microarray (SABiosciences, Frederick, MD, USA, Cat No: OHS-033). It allowed 
simultaneous examination of the expression of 113 genes, grouped around six cancer 
specific areas, termed “pathways” by the manufacturer. These six pathways were  
 
1: Cell Cycle Control and DNA Damage Repair 
2: Apoptosis and Cell Senescence 
3: Signal Transduction Molecules and Transcription Factors 
4: Adhesion 
5: Angiogenesis 
6: Invasion and Metastasis 
 
The genes examined are summarised in Table 2-4. The number and variety of genes 
represented in the array should provide an initial overview into the areas that are 
important for cancer growth and progression. 
 
MATERIALS AND METHODS 
 
 117 
Table 2-4: Gene layout of Oligo GEArray
®
 Human Cancer PathwayFinder™ Microarray, see 
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2.7.1.1 Principle of the analysis 
Complementary DNA-oligomers (60 nucleotides in length) specific for each gene are 
printed in quadruplicates on a nylon membrane of 3.8 cm length and 2.5 cm width.  
 
2.7.1.2 Cell preparation and treatment 
In 75 cm
2
 tissue culture flasks, 2.8 x 10
6
 cells (MDA-MB-231 or MCF-10A) were 
plated and grown in 8.5 ml of medium. This number of cells was proportional to the 
number of cells (1 x 10
6
 cells) growing in 60 mm
2
 dishes in 3 ml medium, which was 
used to extract RNA and protein in other experiment. After incubation in serum-free 
medium, cells were treated with 100 nM insulin for 60 min. Cells were trypsinised and 
collected in 1.5 ml RNase-free microcentrifuge tubes. 
 
2.7.1.3 RNA extraction 
Array Grade total RNA Isolation Kit (SABiosciences) was used to extract total RNA, 
following the manufacturer’s instructions. No information was given on the supplied 
reagents. The cell pellet was re-suspended in 350 μl supplied Lysis Buffer (G6) and 
loaded onto a purple-ringed filter column. The column was placed in a collection tube 
and centrifuged for 1 min at 11000 x g. Collection tubes did not have their own lid. 
Thus before the filter columns were discarded, their lids were snapped off and used to 
seal the collection tubes during the next step, in which 350 μl 70% ethanol was added to 
each sample and the tubes were vortexed for 10 sec. The sample was loaded on a 
light-blue-ringed Spin Column, put back into the collection tube and centrifuged for 
30 sec at 8000 x g. Then 350 μl of Desalting Buffer (G15) was added to the Spin 
Column and centrifuged for 1 min at 11000 x g. After discarding the flow-through, 
200 μl of Pre-Wash Buffer (G 16) was added to the column and centrifuged for 30 sec 
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at 8000 x g. Four volumes of 100% Ethanol were added to the concentrated wash Buffer 
(G17), of which 350 ml was added to the Spin Column and centrifuged for 30 sec at 
8000 x g. An additional 200 μl diluted Wash Buffer was added to the Spin Column and 
centrifuged for 3 min at 11000 x g. Spin Column was removed from the collection tube 
without discarding the flow through first, in order to avoid contaminating the Spin 
column with the flow through, which was highly emphasised in the manufacturer’s 
instructions. Extracted RNA was eluted by adding 50 μl RNase-free water to the Spin 
Column and centrifuge for 1 min at 11000 x g.  
 
2.7.1.4 RNA Quality Control  
The following step of the protocol and the hybridisation onto the array membrane 
required high yield and high quality extracted RNA. Therefore the manufacturer 
recommended several quality control measures. First a 1:50 dilution of each sample was 
analysed spectrophotometrically at wavelengths of 230 nm, 260 nm and 280 nm. The 
260 nm reading is directly related to the amount of RNA in the sample by the following 
equation, whereby 50 is the dilution factor: 
 
Concentration [μg/ml] = Absorbance 260nm x 40 x 50 μg/ml 
 
Proteins show high absorbance at 280 nm. The ratio of readings at 260 nm and at 
280 nm provides an indication of a possible protein contamination. Ratio values of or 
above 2 were seen as not contaminated. Likewise a ratio of readings at 260 nm and at 
230 nm provides an indication of possible guanidine contamination, whose salt was 
used during RNA extraction. A ratio of or above 1.7 was seen as not contaminated.  
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Additionally, 5 μl of each RNA extraction was subjected to agarose electrophoresis. To 
obtain a 2% agarose gel, 1 mg of agarose was dissolved in 50 ml of 1 x Tris-Borat-
EDTA (TBE) buffer. Concentrated 10 x TBE buffer was purchased from Sigma (CatNo: 
T4415). 1 x TBE buffer contained 89 mM Tris-Borate and 2 mM EDTA at pH 8.3. The 
agarose solution heated to the boil to melt the agarose. After the agarose solution had 
cooled, 1 μl of 10 μg/ml ethidium bromide solution (Sigma, CatNo: E1510) was added 
to obtain 0.2 ng/ml ethidium bromide stained agarose gel. After addition of ethidium 
bromide, the gel was poured in a prepared tray and left to cool. Meanwhile 1 μl 
6 x Blue/Orange loading dye (Promega, Madison, WI, USA, Cat No: G190A) was 
added to each RNA sample. This dye contained 15% Ficoll
®
 400, 0.03% bromophenol 
blue, 0.03% xylene cyanol FF, 0.4% orange G, 10 mM Tris (pH 7.5) and 50 mM EDTA 
in its concentrated form. After the gel had completely polymerised, the prepared 
samples were loaded to the wells and subjected to electrophoresis for 45 min at 80 V 
constant in 1 x TBE solution. Gels were visualised by exposure to UV light and images 
were captured after exposure between 0.04 sec and 0.08 sec. Images were obtained by 
GelDoc CCD imaging (Bio-Rad) and Quantity One software (Bio-Rad). The samples 
were thought to be of good quality, when a band for both 28S and 18S rRNA were 
clearly distinguishable, showed minimal smearing and an intensity ratio of about 2:1, 
respectively (Figure 2-6).  
 









Figure 2-6: Agarose gel electrophoresis results of rRNA extractions for microarray analysis. 
 
2.7.1.5 Sample preparation 
After RNA integrity had been established, mRNA was reverse transcribed using 
“TrueLabeling-AMP 2.0” Kit (SABiosciences, Cat No: GA-030). The procedure is 
summarised in Figure 2-7. Each sample was diluted to contain 3 μg of total RNA in a 
9 μl volume in a 0.2 μl PCR tube. Then 1 μl of “Component G1” was added and sample 
was heated to 70°C for 10 min. Meanwhile, “cDNA Synthesis Master Mix” was 
prepared. In a 0.5 ml microcentrifuge tube, 4 μl RNase-free water, 4 μl 5 x cDNA 
Synthesis Buffer (G3), 1 μl RNase Inhibitor and 1 μl cDNA Synthesis Enzyme Mix 
(G2) were mixed by pipetting. After 10 min heating, the RNA sample was cooled on ice 
and 10 μl of “cDNA Synthesis Master Mix” was added to each sample. Samples were 
placed in a thermocycler and incubated at 42°C for 50 min followed by 75°C incubation 
for 5 min. Then samples were cooled to 37°C. Potential condensation was collected by 
centrifugation and samples were kept at 37°C. During cDNA synthesis the 
“Amplification Master Mix” was prepared. In a 0.5 ml microcentrifuge tube, 16 μl 
2.5 x RNA Polymerase Buffer (G24), 2 μl 10 mM Biotinylated-UTP (Roche Applied 
Sciences, Burgess Hill, UK, Cat No: 11388908910), 2 μl RNA Polymerase Enzyme 
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(G25) were mixed by pipetting. After the cDNA synthesis had finished, 20 μl of the 
“Amplification Master Mix” was added to each sample, which were mixed and 
incubated overnight at 37°C. 
 
 
Figure 2-7: Overview of the labelling procedure (adapted from “TrueLabeling-AMP 2.0” Kit 
Manual, v.1.3, p.4) 
 
2.7.1.6 cRNA purification 
Before the labelled cRNA could be hybridised to the membrane, it needed to be cleaned 
of excess components of the labelling and amplification process, using “ArrayGrade 
cRNA cleanup Kit” (SABiosciences, Cat No: GA-012). To each sample from overnight 
incubation, 50 μl RNase-free water was added and the total volume of 90 μl was 
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transferred to a 1.5 ml RNase-free microcentrifuge tube. Then 315 μl Lysis and Binding 
Buffer was added (G6) and mixed by pipetting. A 315 μl 100% ethanol volume was 
added, mixed and the entire sample was loaded to a pre-assembled Spin Column. 
Sample was centrifuged for 30 sec at 8000 x g. The flow through was discarded and 
600 μl of diluted Wash Buffer (G17 with 100% Ethanol) was added. The sample was 
centrifuged again for 30 sec at 8000 x g. After the flow-through was discarded, 200 μl 
of diluted wash buffer was added to the sample and the tube was centrifuged first for 
1 min at 11000 x g and after removal of the flow-through an additional centrifugation 
for 2 min at 11000 x g was preformed. The Spin Column was then transferred to an 
empty 1.5 RNA-free “Elution Tube” (supplied). To elute RNA, 50 μl RNase-free 
10 mM Tris buffer pH 8.0 (G26) was added to each column and incubated for 2 min at 
room temperature. Then samples were centrifuged for 1 min at 8000 x g. cRNA amount 
was determined spectrophotometrically as described in section 2.7.1.4. The supplied 
10 mM Tris buffer (G26) was used to “zero” the photometer. 
 
2.7.1.7 Hybridisation of cRNA to microarray membrane 
The clean cRNA could be hybridised to the array membrane. The “Oligo GEArray 
HybTube Protocol” (SABiosciences, Version 3.2) was followed for this analysis. An 
overview of the procedure is given in Figure 2-8. 




Figure 2-8: Overview of the hybridisation procedure (adapted from “Oligo GEArray System 
Manual, v.3.2, p.5”) 
 
To prepare the membrane array, a Hybridisation Oven (Techne Hybridiser, Model 
HB-1D without speed control) and the GEAhyb Hybridisation Solution were heated to 
60°C. To start the hybridisation procedure, 5 ml single distilled water was added to the 
array tube, and incubated inverted for 5 min at room temperature. After discarding the 
water, 2 ml of pre-warmed GEAhyb Hybridisation solution was added to the array tube. 
The tube was placed inside a hybridisation cylinder and incubated with rotation for 
90 min at 60°C. Meanwhile the “Target Hybridisation Mix” was prepared. To 0.75 ml 
pre-warmed GEAhyb Hybridisation Solution, 4 μg of labelled cRNA was added and 
kept at 60°C. The pre-hybridisation solution was discarded and the “Target 
Hybridisation Mix” was added to the array tube. Labelled cRNA was hybridised 
overnight at 60°C with slow rotation. On the same day wash solutions for the next day 
were prepared. Stock solutions were 100 ml 20 x SSC buffer (3 M NaCl, 340 mM 
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Na3C6H5O7, pH 7.0) and 50 ml 20% SDS. From these 100 ml wash solution 1 (2 x SSC, 
1% SDS) and 100 ml wash solution 2 (0.1 x SSC, 0.5% SDS) were prepared and kept 
overnight at 60°C.  
 
After overnight hybridisation, the “Target Hybridisation Mix” was transferred to an 
empty 7 ml “bijou” tube and frozen at -20°C. The membrane was washed once in wash 
solution 1 and once in wash solution 2 for 15 min each at 60°C with rotation. After the 
second wash was discarded the array tube was left to cool to room temperature. Then 
2 ml GEAblocking Solution Q was added to the tube, vortexed and incubated for 
40 min at room temperature with rotation. Meanwhile 40 ml 1 x Buffer F was prepared. 
Alkaline phosphatase-conjugated streptavidin (AP, supplied), was diluted 1:8000 in 
16 ml 1 x Buffer F. After blocking the array membrane, 2 ml diluted AP-buffer was 
added to the membrane and incubated for 10 min at room temperature. The membrane 
was washed four times with 1 x Buffer F and vortexed briefly after each addition of 
fresh buffer. After the last wash 3 ml Buffer G was added, the tube was inverted three 
times and repeated once for a total of two rinses. Then 1 ml of CDP-Star 
chemiluminescent substrate (supplied) was added to the tube, which was incubated for 
5 min at room temperature with rotation. The membrane was removed from the tube 
and blotted between two sheets of cling film. The membrane was exposed to X-ray 
films and pictures were captured using GelDoc CCD imaging (Bio-Rad) and Quantity 
One software (Bio-Rad).  
 
2.7.2 Reverse Transcription Polymerase Chain Reaction (RT-PCR) 
Expression of several genes, summarised in Table 2-5, was examined by RT-PCR. 
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Table 2-5: Genes examined for expression changes and primers used for each gene. All primers 
were purchased from Invitrogen.  
Gene name Gene product 
Forward primer  
sequence (5’-3’) 
Reverse primer  
sequence(5’-3’) 
BCL-2 Bcl-2 ACT TGT GGC CCA GAT AGG CAC CCA G CGA CTT CGC CGA GAT GTC CAG CCA G 
CCND1 cyclin D GCT CGA GCC CGTGAA AAA GA CTC CGC CTC TGG CAT TTT G 
CCNE1 cyclin E TTA CCC AAA CTC AAC GTG CAA GCT CAA AGT GCT GAT CCC 
ACTB beta actin CAT GTA CGT TGC TAT CCA GGC CTC CTT AAT GTC ACG CAC GAT 
 
2.7.2.1 RNA extraction using TRIzol 
After cells were treated, total RNA was extracted using TRIzol reagent (containing 
Phenol and guanidine isothiocyanate; Invitrogen (Cat No: 15596)). Cells were grown 
and treated in 60 mm
2
 dishes. After treatment cells were washed with 1 x PBS and 1 ml 
TRIzol reagent was added. Cells were incubated for 5 min at room temperature before 
the lysed cells were transferred to 1.5 ml RNase-free microcentrifuge tubes. Cell lysates 
were frozen at -80°C before extraction of total RNA. 
 
Samples were thawed and 200 μl chloroform were added to each tube. The contents 
were mixed by shaking up and down for 15 sec. Tubes were incubated for 3 min at 
room temperature, before being centrifuged for 15 min at 11000 x g at 4°C. The 
aqueous, colourless, top-layer containing RNA was carefully transferred to a new 1.5 ml 
RNase-free microcentrifuge tube and 500 μl propan-2-ol were added. Tubes were 
inverted several times to mix contents and incubated at room temperature for 10 min. 
Tubes were centrifuged for 10 min at 11000 x g at 4°C. The supernatant was removed 
and pellets were washed with 500 μl 75% DEPC-treated Ethanol. Tubes were 
centrifuged for 5 min at 11000 x g at 4°C and Ethanol was removed. Tubes left for up to 
20 min to “air-dry”. Then 20 μl RNase-free H2O was added to each sample. Samples 
were frozen overnight at -20°C, then heated to 65°C for 10 min and RNA concentration 
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was determined as described in section 2.7.1.4, with the exception that samples were 
only measured at 260 nm and 280 nm wavelength. 
 
2.7.2.2 Reverse Transcription Polymerase Chain Reaction (RT-PCR) 
RNA samples were diluted to100 ng/μl, of which 1 μl was reverse transcribed in a 20 μl 
volume containing 50 mM Tris-HCL (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM 
Dithiothreitol (all from Invitrogen, Cat No: 18080-044), 1 mM of each dNTP (Roche, 
Cat No: 11969064001), 100 μg/ml BSA (New England Biolabs, Cat No: B9001S), 
25 μg/ml Random Primers (Promega, Cat No: C1181), 40 units RNase OUT 
(Invitrogen, Cat No: 10777-019), 80 units SuperScript
®
 III Reverse Transcriptase 
(Invitrogen, Cat No: 18080-044). Samples were then incubated for 10 min at 25°C, 
followed by 52 min at 42°C and 15 min at 72°C. Samples were cooled to 4°C after 
reverse transcription. 
 
The resulting cDNA (4 μl of RT mix) was amplified for a specific gene (Table 2-6) in a 
20 μl volume containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.75 mM MgCl2 (all 
from Sigma, Cat No: D4545–250UN), 1 μM of each primer (Table 2-5) and 1 unit of 
Taq DNA polymerase. On a Thermocycler (Biorad) a hot-start (95°C) was performed 
followed by 4 min at 94°C, then a gene-specific number of cycles (Table 2-6) with 
1 min at 94 C, 2 min at gene-specific annealing temperature (Table 2-6) and 2 min at 
72°C. This was followed by a 10 min final extension step at 72°C. Samples were cooled 
to 4°C for up-to overnight.  
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Table 2-6: PCR-step properties for each gene examined 
Gene name Gene product Annealing temperature (°C) Cycle number Product size (bp) 
BCL-2 Bcl-2 68 35 389 
CCND1 cyclin D 60 25 247 
CCNE1 cyclin E 59 33 149 





2.7.2.3 Analysis of PCR product by agarose gel electrophoresis 
PCR products were examined by agarose gel electrophoresis as performed for RNA 
quality control (section 2.7.1.4) for microarray analysis. According to theoretical size of 
the PCR-product (see Table 2-6) a 1.5%-2% agarose gel containing 0.2 ng/ml Ethidium 
Bromide (Sigma, CatNo: E1510) was prepared with 10 or 20 wells. A standard 100 bp 
DNA ladder (Promega, Cat No: G2101) was added for size references. This standard 
contained 11 double-stranded DNA fragments with sizes at 100 bp, 200 bp, 300 bp, 
400 bp, 500 bp, 600 bp, 700 bp, 800 bp, 900 bp, 1000 bp and 1500 bp, with all 
fragments in same concentration except 500 bp, which is present in triple the 
concentration than the other fragments, e.g. a 10 μl volume of ladder, which was 
routinely used, contained 300 ng of the 500 bp fragment and 100 ng of every other 
fragment (Figure 2-9). Samples and standard were diluted in 6 x Blue/Orange loading 
dye (Promega, Cat No: G190A) as described in section 2.7.1.4. The loaded gel was 
subjected to electrophoresis for 45 min at 80 V constant in 1 x TBE solution. Gels were 
visualised by exposure to UV light and images were captured after exposure between 
0.04 sec and 0.08 sec. Images were obtained by GelDoc CCD imaging (Bio-Rad) and 
Quantity One software (Bio-Rad). 
                                                 
1
 Cycle number for beta actin varied according to the analysed gene, as it acted as control for all 
examined genes. 











Figure 2-9: Overview of the 100 bp DNA ladder used for size control of RT-PCR product. 
DNA ladder run on 1% agarose gel. Only higher molecular weight bands are visible. 
 
2.8 Flow cytometry 
Flow cytometry was used to detect apoptosis and changes in cell distribution across cell 
cycle stages. Flow cytometry exploits the light scattering properties of particles and the 
light excitation and emission of fluorochromes. An optimally focused laser beam is 
projected onto a stream of single particles, i.e. human cells for this project. The cells are 
hydro-dynamically focused in a sheath of PBS (Figure 2-10).  
 




Figure 2-10: Representation of hydrodynamic focusing to create flow of single cell stream  
(adapted from the University of Berkeley, http://biology.berkeley.edu/crl/flow_images/fig1.gif) 
 
As the cells pass the laser beam, they scatter light in two ways. The Forward Scatter 
(FS) detector provides information on the size of the cells. The Side Scatter (SS) 
detector provides information of the granularity of internal components of the cell 
(Figure 2-11).  
 
Figure 2-11: Measurement of Forward and Side Scatter in a Flow Cytometry experiment  
(adapted from University of Alberta, http://flowcytometry.ualberta.ca/images/scatter.jpg) 
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Additionally tagging a specific property of the cell with a fluorochrome detects 
quantifiable changes in the cell population, e.g. a tagged antibody for Annexin-V gives 
information about early apoptosis. The flow cytometer used (Beckman Coulter, Model: 
EPICS XL-MCL, High Wycombe, UK) had four fluorochrome detectors (FL1-FL4) 
besides FS and SS detectors providing up-to six parameters in one experiment. The two 
protocols used examined apoptosis and cell cycle changes after treatment of cells. 
 
2.8.1 Cell cycle analysis using propidium iodide  
The first analysis using the flow cytometer was examining changes in cell cycle after 
treatment with insulin, leptin and TNF-α. Cell cycle stages can be distinguished 
according to DNA content (Figure 2-12). Thus measuring DNA content using 
fluorescent DNA specific dye provides information about the cell cycle. Examining cell 
populations (usually 1 x 10
4
 cells) using flow cytometry allows quantification of cells 
within each stage with different treatments and determination of shifts in distribution 
between cell cycle stages. The DNA specific dye was propidium iodide (PI) (Sigma, Cat 
















Figure 2-12: Changes of DNA content in dependence of cell cycle stage 
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After cells had been treated, medium, PBS-wash and trypsinised cells were collected in 
15 ml centrifuge tubes and centrifuged for 5 min at 500 x g. Cell pellet was re-
suspended in 1 ml PBS and transferred into a sterile 1.5 ml microcentrifuge tube. Tubes 
were centrifuged for 5 min at 500 x g. Cell pellet was re-suspended in 100 μl PBS, 
vortexed and 900 μl 70% ethanol (4°C) was added. Cells were incubated at 4°C for 
30 min. Cell were centrifuged for 5 min at 750 x g. Excessive ethanol was removed by 
adding 1 ml PBS and centrifugation for 5 min at 750 x g. Cell pellet was re-suspended 
in 500 μl PBS, vortexed and 500 μl “DNA Extraction Buffer” (192 mM Na2HPO4, 
4 mM C6H8O7 (citric acid)) was added. Cells were incubated for 5 min at room 
temperature and then centrifuged for 5 min at 750 x g. Cells were re-suspended in 
500 μl DNA staining solution (20 μg/ml PI (Sigma, Cat No: P4170), 200 μg/ml DNase-
free RNase (Sigma, Cat No: R6513)). Cells were incubated for 30 min in the dark at 
room temperature. Then cells were analysed by flow cytometry without further dilution. 
The parameter settings for the cell cycle protocol are summarised in Table 2-7. All 
living cells should have a DNA-content between N2 and N4, i.e. are detected in G1, S 
or G2-phase. Cells that have however a DNA-content lower than N2, i.e. less than in 
G1-phase (subG1), could be considered late apoptotic with break-down of DNA. This 
analysis also identified those cells. The results from the subG1-group could provide a 
more complete picture of cell re-distribution across cell cycle stages than the mere three 
stages would have. Data was captured and analysed using EXPO-32 Software (Applied 
Cytometry Systems). In order to obtain cell amount values with this software, DNA 
content had to subjectively be defined to correspond to a particular cell cycle stage (see 
Appendix section 9.3.1). For each experiment this determination was performed as 
follows: following the increase in DNA content, i.e. the x-axis of the graph in Figure 
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9-4, the “subG1”-phase extended from the detection minimum to the base of the 
G1-peak, the “G1”-phase extended from the base at the lower DNA content of the 
G1-peak to the base at the higher DNA content, i.e. from left to right on the x-axis in 
Figure 9-4. The “S”-phase extended from the base of the G1-peak at the higher DNA 
content to the base of the G2-peak at the lower DNA content. The “G2”-phase extended 
from the base at the lower DNA content of the G2-peak to the base at the higher DNA 
content. This determination was performed for each experiment and each cell line 
separately. 
 
Table 2-7: Settings of cytometer parameters for cell cycle analysis. Detector FL2 detects PI-
emission. Protocol was equal for all cell lines examined. 
Detector identifies Volts Gain 
FS Size 55 5.0 
SS Granularity 400 20.0 
FL2 PI 764 1.0 
AUX AUX 500 10.0 
 
2.8.2 Flow cytometer analysis of apoptosis 
The Annexin-V-FITC/7-AAD apoptosis kit (Beckman Coulter, Cat No: IM3614) was 
the second flow cytometry application and used to examine apoptosis after insulin 
treatment. Several morphological features occur during initiation of apoptosis within the 
cell, including cell shrinkage, nuclear condensation and DNA cleavage. During early 
apoptosis the integrity of the cell membrane is kept intact, membrane-bound 
intracellular phospholipids however are exposed on the cell surface. The protein 
Annexin-V binds specifically to phosphatidylserine (PS), with high affinity. In the 
present kit, Annexin-V is complexed 1:1 stoichiometrically with fluorescein 
isothiocyanate (FITC), which can be detected fluoroscopically. Additionally this kit 
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contains fluorescent 7-Aminoactinomycin D dye (7-AAD), which binds to and thus 
stains DNA. This dye can only diffuse across nuclear membranes, but not across cell 
membranes. In normal cells, the cell membrane is intact and no dye can enter to stain 
the DNA. In necrotic cells, the cell membrane is compromised and 7-AAD can enter the 
nucleus and bind to DNA. Bound 7-AAD can therefore be used to estimate late 
apoptosis and necrosis within the cell population. With excitation wavelengths distinct 
between the two compounds, they can be used in combination to examine for early 
apoptosis and necrotic cells. 
 
For this analysis, the kit manufacturer’s instructions were followed. After cells had been 
treated, treatment medium, PBS-wash and trypsinised cells were collected in 15 ml 
centrifuge tubes and centrifuged for 5 min at 500 x g at 4°C. Cells were washed in 1 ml 
PBS, transferred into sterile 1.5 ml microcentrifuge tubes and collected by 
centrifugation for 5 min at 500 x g at 4°C. After PBS removal, 130 μl of Annexin-V and 
7-AAD master mix was added to each sample. Master Mix contained 100 μl of 
1 x Binding Buffer (supplied), 10 μl Annexin V-FITC (supplied) and 20 μl 7-AAD dye 
(supplied). No information on composition of binding buffer or Annexin-V and 7-AAD 
concentrations was available. Samples were incubated on ice in the dark for 15 min. 
Then an additional 400 μl of 1 x Binding Buffer was added to each sample, before the 
samples were analysed. Since each cell line had different properties in size and 
fluorescence background the acquisition parameters for the cytometer were adapted 
once a new cell line was examined (Table 2-8). Data was captured and analysed using 
EXPO-32 Software (Applied Cytometry Systems, Sheffield, UK). See Appendix section 
9.3.2 for a raw data histogram, produced by this software. 
MATERIALS AND METHODS 
 
 135 
Table 2-8: Settings of cytometer parameters for Annexin V-FITC/7-AAD apoptosis analysis for 
each cell line examined. Detectors FL-2 and FL-3 were not used. 
  MDA-MB-231 MCF-10A SK-BR-3 
Detector identifies Volts Gain Volts Gain Volts Gain 
FS Size 89 1.0 80 1.0 30 1.0 
SS Granularity 714 2.0 620 2.0 502 2.0 
FL1 FITC 563 1.0 680 1.0 600 1.0 
FL4 7-AAD 651 1.0 850 1.0 670 1.0 
AUX AUX 500 10.0 500 10.0 500 10.0 
 
2.9 Statistical Analysis 
Except for microarray analysis and where otherwise described, at least three 
independent experiments were performed for each of the analyses described above. 
Each experiment was performed with at least two replicates per control and treatment. 
Number of replicates is described in each of Materials and Methods sections in the 
following chapters. After consultation (Dr. Alex Wilson, School of Computing, Robert 
Gordon University) two statistical analyses were used. One-way analysis of variance 
was performed on experiments involving comparing one control to one treatment, i.e. 
cell proliferation, insulin receptor phosphorylation. Experiments for which data from 
several time points or different treatments was available (ERK1/2 and AKT ELISA, 
cyclin expression, flow cytometry, western analysis) univariate analysis of variance was 
performed, followed by post-hoc Tukey HSD (Honestly Significant Difference) or 
Dunnett’s t-tests, comparing each treatment to another or each treatment to the control, 
respectively. When probability values are given, they were generally obtained using 
Dunnett’s t-test, thus reflecting a comparison of the treatment in question to the control. 
Data from Tukey’s HSD, which compares treatment times to each other, was used when 
unexpected or interesting findings between treatments were obtained. For clarity 
however not all significantly different changes between treatments are mentioned. All 
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tests assumed normal distribution of data. Significant differences were observed when 
comparison probability values were ≤0.05. All results will have a short indication as to 
which statistical analysis was used to obtain any indicated significant differences. All 
tests were performed after transformation of data.  
 
All data was transformed to obtain a percentage value of the control. Controls were 
incubated in serum-free medium, in the same way as the treatment samples. After 
incubation in serum-free medium, treatment medium was added to the treatment 
samples, while fresh serum-free medium was added to the controls, unless otherwise 
described. Control samples were run for each experiment and in replicates of at least 
two. After data acquisition, raw control values were averaged and each control value 
was transformed as percentage of the average control value. The average of the control 
would then comprise 100%. Every single treatment sample value (at least two for each 
treatment) was then transformed as a percentage of the averaged raw control data. After 
repeating each experiment at least three times, all single transformed values were 
averaged (at least six values for each treatment). Standard error of the mean of this 
average was calculated and added as error bar to each graph. Statistical analysis, as 
described above, was performed on these transformed values. Statistical differences 
from the control are indicated with asterisk (*) in graphs and p-value results of the 
statistical tests are described in the text. 
 
Chapter 3 
Insulin part 1 




3 INSULIN PART 1 
In this chapter the effect of insulin as a possible mediator between obesity and 
postmenopausal breast cancer is addressed. It is aimed to determine the effect of insulin 
on cell proliferation, IR-activation, cell signalling pathway activation and cell cycle in 




Insulin is a peptide hormone of 51 amino acids length and approximately 58 kDa of 
weight. It is exclusively produced by β-islet cells (also known as Langerhans cells) in 
the pancreas. Its secretion is stimulated in response to increased blood sugar 
concentrations, usually following a carbohydrate containing meal. In its presence 
muscle, liver and adipose cells increase their uptake of glucose from the blood, resulting 
in decreased blood glucose, which in turn decreases pancreatic insulin secretion. The 
insulin receptor however is not only expressed in myocytes, hepatocytes and adipocytes 
but also in other cell types, including breast epithelial cells and breast tumour cells 
(Belfiore et al., 1996a; Milazzo et al., 1992; Papa et al., 1990). In non-glucose 
transporting cells insulin is thought to have additional functions, e.g. increasing amino 
acid uptake and synthesis (Malmberg and Adams, 2008). Fasting insulin is usually not 
detectable. If blood glucose concentrations are high, insulin concentrations oscillate 
between 0.1 nM and 0.8 nM (Kennedy et al., 2002). Oscillation of insulin concentration 
is important for maintaining IR excitability, but its exact function is unknown (Lefebvre 
et al., 1987). Insulin, via its membrane bound receptor, exerts an increase in glucose 
transport by activation of the PI3-kinase cell signalling cascade (see section 1.6.1). 




Additionally insulin signalling may activate the MAP-kinase cell signalling pathway 
either through its own receptor, through the hybrid IR-IGF-1R or through AKT-RAS 
cross-talk (see section 1.6.2). Increased activity of both pathways has been found in 
breast cancer cells, where activation of these pathways is thought to increase survival 
(see section 1.6.1.1 and 1.6.2.1). Thus insulin, which is increased in insulin resistant-
obese patients, may increase breast cancer aetiology or progression. 
 
High insulin concentrations act growth promoting in a number of cells (Strauss, 1984; 
Whittaker et al., 1987). Obese individuals, through the obesity-insulin resistance 
connection, have increased insulin circulatory concentrations
1
 (see section 1.2). With 
obesity rates now affecting about a third of the population in westernised societies and 
increasing in developing nations, an ever increasing amount of individuals will be 
exposed to elevated insulin concentrations (see section 1.1.2). With obesity also linked 
to increased risk of developing and dying of breast cancer (Calle et al., 2003), insulin 
(see section 1.5.2) has been proposed as a possible affector of breast cancer risk (Boyd, 
2003). Supportingly, an epidemiological study demonstrated a positive correlation 
between increased insulin resistance and increased risk of all cancers, even in non-obese 
individuals (Facchini et al., 2001). 
 
The idea that insulin may have an effect on breast cancer cells is not new and the first 
experiments were conducted in the 1970s. In the oestrogen responsive breast cancer cell 
                                                 
1
 Physiological insulin concentrations are subject to high variation. Postprandial insulin 
concentrations may be as high as 0.8 nM (Kennedy et al., 2002; Maki et al., 2009). Dick and 
Sturek (1996) defined 0.3 nM insulin as corresponding to physiological insulin concentration in 
their study, suggesting that physiological insulin concentrations may vary between 0.1-0.8 nM. 
Thus identifying a specific insulin concentration as cut-off point for insulin resistance is not 
possible. Insulin resistance is rather measured by impairments in glucose clearance. 




line MCF-7, insulin stimulated thymidine, uridine and leucine incorporation after 24 h 
treatment with different concentrations of insulin. The incorporation of nucleotides 
increased linearly with increasing insulin concentration, reaching its maximum at 
100 nM insulin. A significant increase was already observed at an insulin concentration 
of 0.1 nM. Additionally, the number of cells was significantly increased after three days 
of 100 nM insulin treatment compared to no treatment control cells, suggesting 
increased cell proliferation with insulin treatment (Osborne et al., 1976). Similarly 
10 μg/ml (172 nM) insulin increased cell proliferation in MCF-7 cells more than six-
fold after four days of continued treatment. Other growth factors, including oestrogen, 
did not achieve a similar increase in cell proliferation. Oestrogen and insulin (10 ng/ml 
(0.172 nM)) however exerted a strong synergistic increase in cell proliferation in 
MCF-7 cells (van der Burg et al., 1988).  
 
Oestrogen receptor negative MDA-MB-231 breast cancer cells in contrast did not show 
an increase in cell proliferation at 100 nM insulin treatment for up to six days. This is 
surprising as it was observed that these cells had a five-fold increase in IR protein 
expression compared to normal breast epithelial cells (Costantino et al., 1993). It was 
suggested that an IR co-precipitating peptide which had tyrosine kinase inhibiting 
properties was present in these cells (Costantino et al., 1993). A subsequent study 
identified the co-precipitating peptide as membrane glycoprotein PC-1 (Belfiore et al., 
1996b). Godden and colleagues (1992) also observed that MDA-MB-231 cell 
proliferation does not increase in response to a number of steroids including 100 nM 
insulin. This suggests that IR phosphorylation and intra-cellular insulin signalling are 
not present in this cell line. 




The mature IR is a transmembrane heterotetramer of two extracellular α-subunits and 
two transmembrane β-subunits. The β-subunits contain three autophosphorylation sites 
at tyrosine residues. Its autophosphorylation is inhibited by the α-subunits, which lose 
their inhibiting function once insulin is bound (White and Kahn, 1994). 
Autophosphorylation increases kinase activity 10-20-fold (White et al., 1988). The IR 
target is IRS1, from which the signals may emanate into three major cell signalling 
pathways, i.e. the PI3-kinase, the MAP-kinase and the CAP/Cbl/Tc10
2
 pathway (Pirola 
et al., 2004; Saltiel and Kahn, 2001). 
 
Phosphoinositide-3 kinase consists of two subunits, the 110 kDa catalytic (p110) and 
the 85 kDa regulatory subunit (p85). The p85-subunit contains two SH2 domains, which 
specifically associate with phosphorylated IRS1 (Backer et al., 1992). Through 
phosphorylation of the second messenger phosphatidylinositol, PI3-kinase activates 
PDK-1 and AKT, which in turn activates the glucose transporter GLUT4 (Kohn et al., 
1996). GRB-2 is a small cytoplasmic protein that contains an SH-2 domain specifically 
binding phosphorylated Tyr
895
 in IRS1 (White and Kahn, 1994). It complexes with the 
guanine exchange factor for RAS mSOS (homologous to the Drosophila protein, son-
of-sevenless (sos); Li et al., 1993; Simon et al., 1993). The GRB2/mSOS complex then 
phosphorylates RAS and thus activates the MAP-kinase cell signalling pathway (Kolch, 
2000). There may be several ways of RAS activation by insulin. The IR and/or IRS may 
activate RAS through activation of the Shc/GRB2/mSOS, in a similar way as growth 
factor receptor would (Skolnik et al., 1993). Other studies suggested that RAS may 
                                                 
2
 Similar to PI3-kinase, CAP pathway has been described as necessary for normal functioning of 
glucose insulin induced glucose transport (Baumann et al., 2000; Chiang et al., 2001; Chiang et 
al., 2003).  




directly bind to IR
3
 (Pronk et al., 1992). ERK1/2 is subsequently activated through the 
RAS/RAF/MEK/ERK phosphorylation cascade (see Figure 1-7 for an overview of 
PI3-kinase and MAP-kinase cell signalling pathways). 
 
In combination with increased cell proliferation, enhanced cell cycle progression is an 
additional feature of cancer aetiology. The cell cycle is divided into four stages, two 
“gap”-stages (G1, G2), a DNA synthesis stage (S), and mitosis (M). The order of the 
cell cycle is M-G1-S-G2-M (Figure 3-1). An increase in cell cycle progression would be 
observed by finding fewer cells in the G1-stage, and more in S-phase or G2-phase. 
During sub-optimal growth conditions, cells may arrest their cell cycle progression at 
the G1/S cell cycle checkpoint, with all cells remaining in G1-phase beyond their 
normal time. This quiescent phase is often referred to as G0-stage. If insulin has cell 
cycle promoting properties a change in cell cycle profile, i.e. the distribution of a cell 
population across the cell cycle stages, will be observed, especially a decrease in 
G0/G1-stage and an increase in S-phase. 
                                                 
3
 RAS activation by growth hormone receptors (e.g. epidermal growth factor receptor EGFR or 
platelet-derived growth factor receptor PDGFR) takes place through SH2 binding sites on the 
receptor. However IR does not contain an SH2 binding site, thus any possible direct interaction 
between RAS and IR is likely to be SH2 independent. 


















Figure 3-1: Schematic overview of the cell cycle and DNA content in each stage. N: 
chromatide number  
 
In this chapter the influence of high insulin concentrations (100 nM) on an in vitro 
breast cancer model was examined. From studies mentioned above, it was determined 
that 100 nM was the concentration at which molecular changes reached their maximum. 
Importance was put on elucidating the primary effect of high insulin concentrations on 
ER-negative MDA-MB-231 breast cancer cells and ER-negative MCF-10A normal 
breast epithelial cells. After specific treatment times (see section 3.2), changes in insulin 
receptor phosphorylation, cell proliferation, activation of cell signalling pathways and 
changes in cell cycle were measured. Additionally cell cycle pathway inhibitors were 
used to estimate the influence of activation of these pathways on any potential insulin-
mediated change in cell proliferation. As MDA-MB-231 breast cancer cells are 
supposed to possess increased MAP-kinase signalling through mutational increased 
kinase activity of KRAS and BRAF (Hollestelle et al., 2007), several experiments were 
also executed using the ER-negative breast cancer cell line SK-BR-3, which possesses 
wild-type MAP-kinases (Hollestelle et al., 2007). 




3.2 Materials and Methods 
3.2.1 Cell lines and insulin treatment 
MDA-MB-231, MCF-10A and SK-BR-3 cells were cultured and treated as described in 
Materials and Methods sections 2.1.1 and 2.1.2. Formulation of insulin treatment 
medium and final insulin treatment concentration is described in Materials and Methods 
section 2.1.3.1.  
 
3.2.2 Cell proliferation assay 
Cells were plated into 96-well plates (Fisher Scientific, Cat No: 167008) at a density of 
5000 cells/well with 100 µl/well growth medium and incubated for 24 h at 37°C. After 
24 h cells were washed once in 100 µl/well sterile PBS and incubated in 100 µl serum-
free medium for an additional 24 h at 37°C. If the experiment included the analysis of 
inhibitors, cells were pre-treated with inhibitors (2 μl/well 5 μM Wortmannin stock 
solution and/or 4 μl/well 1.25 mM PD98059 stock solution) 60 min before treatment 
commenced. 
 
Treatment medium was prepared in a small volume (usually 2 ml) of serum-free 
medium in advance. For a 24 h insulin treatment the composition of the treatment media 
is described below and treatment was carried out as summarised in Figure 3-2. The 
treatment media were: 10 µM BrdU (Control), 100 nM wortmannin and 10 µM BrdU, 
50 μM PD98059 and 10 µM BrdU, 100 nM insulin and 10 µM BrdU, 100 nM insulin 
and 100 nM wortmannin and 10 µM BrdU, 100 nM insulin and 50 μM PD98059 and 
10 µM BrdU, 100 nM insulin and 100 nM wortmannin and 50 μM PD98059 and 10 µM 
BrdU. The “Blank”-wells acted as negative control as they did not contain any cells, but 
also received 10 µM BrdU. Cells were then incubated for 24 h at 37°C. “Blank” values 




were necessary to assess unspecific binding of BrdU and BrdU-antibody to the 96-well 
plate. These values were subtracted from all other values. The corrected absorbance 
values were below 0.1 in all experiments as recommended by the manufacturer’s 
instructions. In addition for the first experiment of each cell line a “Background” 
sestuplicate was included. This control contained cells but no BrdU was added. During 
the analysis the BrdU-antibody was added to these wells and analysed. These controls 
assessed the unspecific binding of the BrdU-antibody to the cells. Absorbance values 
were below 0.1 for each cell line as recommended by the manufacturer. 
 
For a 48 h experiment cells were plated and incubated in serum-free medium for 24 h. 
After incubation in serum-free medium, cells were washed once in PBS and fresh 
serum-free medium or treatment medium without 10 µM BrdU was added to control 
wells and treatment wells, respectively. Cells were incubated for an initial 24 h, and 
then 10 µM BrdU was added. Cells were then incubated for an additional 24 h before 
BrdU incorporation was detected. 
 









WATER 100 nM Insulin
100 nM Insulin +
100 nM Wortmannin (60 min prior)
100 nM Insulin +
50 μM PD98059 (60 min prior)
100 nM Insulin +
100 nM Wortmannin (60 min prior) +
50 μM PD98059 (60 min prior)
Control +
50 μM PD98059 
(60 min prior)
 
Figure 3-2: Experimental setup of a 96-well plate to measure cell proliferation changes using 
the BrdU-incorporation assay, 24 h cell proliferation assay only. 
 
Four experiments were performed for MDA-MB-231 cells including all inhibitors. Four 
experiments were performed for MCF-10A cells, including three with inhibitors. For 
SK-BR-3 cells, three experiments were performed with insulin alone. Influence of 
inhibitors was not assessed. After the treatment period, medium from all wells was 
removed and BrdU-incorporation was analysed as described in Materials and Methods 
section 2.2.1.  
 
3.2.3 Insulin receptor phosphorylation assay 
In 60 mm
2
 tissue culture dishes (Fisher Scientific, Cat No: 150288), 1 x 10
6
 cells of 
each of the three cell lines were plated and incubated in 3 ml growth medium for 24 h at 
37°C. Dishes were washed once in PBS, 3 ml serum-free medium was added and dishes 
were incubated for an additional 24 h at 37°C. For each experiment, four dishes per cell 




line were prepared in this way. Then two dishes were kept unaltered (Control) and two 
dishes were washed with PBS, re-supplemented with insulin treatment medium and 
incubated for 2 min at 37°C. Then all medium was removed, dishes were washed with 
PBS and protein was extracted. The analysis of insulin receptor phosphorylation is 
detailed in the Materials and Methods section 2.5. Three experiments with two 
replicates for each treatment (Control and 100 nM insulin) were performed for all three 
cell lines. Each experiment for MDA-MB-231 and MCF-10A was performed 
simultaneously and thus analysed on the same ELISA-plate. All three experiments for 
SK-BR-3 cells were analysed on a single ELISA-plate. 
 
3.2.4 Assessment of total insulin receptor protein using western blotting 
MDA-MB-231 cells and MCF-10A cells were plated in 60 mm
2
 dishes (Fisher) at 
0.5x10
6
 cells/dish, with 3 ml growth medium. A total of four dishes were plated per cell 
line per experiments. Cells were incubated for 24 h at 37°C, then washed in sterile PBS 
and re-supplemented with 3 ml serum-free medium. Cells were incubated in serum-free 
medium for 24 h at 37°C and two dishes were washed in sterile PBS. In the remaining 
two dishes serum-free medium was retained until protein extraction. The washed dishes 
were re-supplemented with 3 ml 100 nM insulin treatment medium and incubated for 
2 min at 37°C. Then all four dishes were washed in PBS and protein was extracted as 
described in Materials and Methods section 2.6.1. These experiments were set-up 
simultaneously to the IR-phosphorylation experiments described in section 3.2.3. 




3.2.5 Cell signalling pathway assays for determination of AKT or ERK1/2-
phosphorylation 
Cells from all three cell lines were plated into a supplied clear bottom black 96-well 
plate at a density of 5000 cells/well with 100 µl/well growth medium and incubated for 
24 h at 37°C. After 24 h, cells were washed once in 100 µl/well sterile PBS and 
incubated in 100 µl serum-free medium for an additional 24 h at 37°C. Cells were pre-
treated with 100 nM wortmannin or 50 µM PD98059 for 1 h at 37°C as described in 
section 3.2.2 and indicated in Figure 3-3. During pre-treatment, 2 ml of each of the 
treatment media indicated in Figure 3-3 were prepared. Dilution factors for insulin and 
the inhibitors were described in Material and Methods section 2.1.3. All dilutions were 
made in serum-free medium respective for the examined cell line. After pre-treatment 
all medium was removed, wells were washed once in PBS and 100 μl of prepared 
treatment media were added to the wells. The plate was then incubated at 37°C. 
Medium was replaced by 4% Formaldehyde Solution after the indicated time (5-
20 min). After the medium in the last wells was changed to 4% Formaldehyde Solution, 
the plate was incubated for 20 min before analysis continued as described in Materials 
and Methods section 2.3. Number of experiments performed for each cell line, treatment 
time and inhibitors used is summarised in Table 3-1.  





Table 3-1: Number of experiments performed for cell signalling pathway phosphorylation 
analysis, each experiment reflects two treatment replicates. NA: Not analysed. 
  MDA-MB-231 MCF-10A SK-BR-3 
  AKT ERK1/2 AKT ERK1/2 AKT ERK1/2 
Insulin only 
control 4 13 4 12 3 3 
5 min 4 9 4 9 3 3 
10 min 4 9 4 9 3 3 
15 min NA 5 NA 4 3 3 
20 min NA 6 NA 5 3 3 
Insulin + Wortmannin 
control 5 3 5 4 3 3 
5 min 5 2 5 3 3 3 
10 min 5 2 5 3 3 3 
15 min NA NA NA NA 3 3 
20 min NA 1 NA 1 3 3 
Insulin + PD98059 
control 3 6 3 5 3 3 
5 min 3 4 3 4 3 3 
10 min 3 4 3 3 3 3 
15 min NA NA NA NA 3 3 
20 min NA 1 NA 1 3 3 










Insulin + PD98 for 5min
Insulin + PD98 for 10min
Control + PD98
Control + Wortmannin
Insulin + Wortmannin for 5min
Insulin + Wortmannin for 10min
Insulin for 15min
Insulin for 20min
Insulin + Wortmannin for 15min
Insulin + Wortmannin for 20min
Insulin + PD98 for 15min Insulin + PD98 for 20min
 
Figure 3-3: Representative layout of a 96-well plate used for the assessment of AKT or 
ERK1/2-phosphorylation. Individual experiments were adapted. 
 
3.2.6 Cell cycle analysis by flow cytometry 
Cells were plated in 6-well plates (Corning Life Sciences, Amsterdam, The 
Netherlands, Cat No: 3516) at 0.75 x 10
6
 cells/well in 3 ml growth medium and 
incubated for 24 h at 37°C. In each 6-well plate two wells were used for each treatment, 
creating two treatment replicates in each experiment. Two wells contained growth 
medium throughout the experiment (+FCS). After the initial 24 h incubation period, 
cells were washed in PBS, re-supplemented with 3 ml serum-free medium and 
incubated for 24 h at 37°C. After 24 h incubation in serum-free medium, cells were 
washed in PBS and 3 ml of treatment medium was added. In two wells, the serum-free 




medium was changed to fresh serum-free medium for an additional 24 h (Control, NO 
FCS) whilst the medium in the two remaining wells was changed to insulin treatment 
medium and incubated for additional 24 h. After treatment, cell cycle stage was 
analysed as described in Materials and Methods section 2.8.1. The flow cytometry raw 
data was obtained as percentage of cells within each cell cycle stage. Three experiments 
as described above were performed for each cell line.  





3.3.1 Effect of insulin treatment on cell proliferation 
Cell proliferation of all cell lines was assessed after 100 nM insulin treatment for 24 h 
or 48 h (Figure 3-4). Untreated control cells were incubated in serum-free medium 
(Control) at all times. All results are presented as percentage change from this control. 
After 24 h treatment cell proliferation did not change in MDA-MB-231 cells compared 
to untreated control. In MCF-10A cells, proliferation increased by 184% (p<0.001) after 
24 h compared to its untreated control (Figure 3-4, B). Cell proliferation did not change 
in SK-BR-3 cells after 24 h insulin treatment (Figure 3-4, C). Cell proliferation 
decreased by 18% (p<0.001) after 48 h insulin treatment in MDA-MB-231 cells and 
increased by 34% (p=0.001) in MCF-10A cells compared to their respective untreated 
control. Cell proliferation in SK-BR-3 cells did not change after 48 h (Figure 3-4, C). 























































































Figure 3-4: Changes in cell proliferation after treatment with 100 nM insulin alone for 24 h or 
48 h in A) MDA-MB-231breast cancer cells (blue), B) MCF-10A breast epithelial cells (red) 
and C) SK BR-3 breast cancer cells (green). Bars represent BrdU-incorporation in relation to the 
respective control within each graph and are expressed as a percentage thereof. Error bars 
represent ± SEM of three experiments, each consisting of six or twelve replicates, i.e. 18 or 36 
data points for each bar. 
* Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 
ANOVA analysis. (** 0.01>p>0.001; *** p<0.001) 




3.3.2 Effect of insulin treatment in insulin receptor phosphorylation 
Phosphorylation and expression of the insulin receptor were measured after 2 min of 
100 nM insulin treatment and compared to untreated cells. Untreated control cells were 
incubated in serum-free medium (Control) at all times. All results are presented as 
percentage change from this control. In MDA-MB-231 cells insulin receptor 
phosphorylation increased by 380% (p<0.001) compared to control. In MCF-10A and 
SK-BR-3 cells the increase of phosphorylation was similar with 38% (p<0.001) and 
35% (p<0.001) increase, respectively compared to control (Figure 3-5, A). Total insulin 
receptor content was assessed for MDA-MB-231 and MCF-10A cells only and showed 
no change between Control and insulin treatment (Figure 3-5, B). Assessment of total 
insulin receptor expression allowed estimation of IR protein expression changes, which 
could have masked relative IR phosphorylation. The non-significant decrease in total IR 
content may be caused by ubiquitination and lysosomal degradation of the insulin-IR 
complex. Interestingly total insulin receptor content was higher in MDA-MB-231 cells 
than in MCF-10A cells
4
, supporting previous findings by other groups that MDA-MB-
231 cells overexpress the IR compared to breast epithelial cells (Milazzo et al., 1992). 
                                                 
4
 As only ratios between control and treated cell extracts was needed, no standard curve to 
estimate total protein content was included. Of 25 μg total protein loaded during Western 
Blotting, MDA-MB-231 untreated control reached an average of 53 Int/mm
2
 (SEM = 7.53) and 
untreated control of MCF-10A cells 18 Int/mm
2
 (SEM = 3.27). These findings are also 
supported by Papa and colleague’s findings (1997), where overexpression of the insulin receptor 
compared to breast epithelial cells was observed in MDA-MB-231. 



















































































Figure 3-5: Changes in A) insulin receptor phosphorylation detected by DuoSet IC human 
phosphor-insulin receptor ELISA kit and B) Insulin receptor protein expression detected by 
Western Blotting after treatment for 2 min with 100 nM insulin in MDA-MB-231 breast cancer 
cells (blue), MCF-10A breast epithelial cells (red) and SK BR-3 breast cancer cells (green, IR-
phosphorylation only). Bars represent A) insulin receptor phosphorylation and B) insulin 
receptor protein expression in relation to the respective control within each graph and are 
expressed as a percentage thereof. Error bars represent ± SEM of three experiments, each 
consisting of two replicates, i.e. six data points for each bar. 
* Significance value compared to control, obtained using One-way ANOVA testing 
(*** p<0.001) 




3.3.3 Effect of insulin treatment on activation of downstream cell signalling 
pathways 
3.3.3.1 Activation with insulin alone 
Phosphorylation of AKT or ERK1/2, representative of activation of the PI3-kinase or 
MAP-kinase cell signalling pathway, respectively, was measured after treatment with 
100 nM insulin for different lengths of time ranging from 5 min to 20 min (Figure 3-6). 
Untreated control cells were incubated in serum-free medium (Control) at all times. All 
results are presented as percentage change from this control. 
 
In MDA-MB-231 cells AKT-phosphorylation increased by 294% after 5 min (p<0.001) 
and by 141% after 10 min (p<0.001) treatment with 100 nM insulin compared to control 
(Figure 3-6, A). Phosphorylation of ERK1/2 however increased by 95% after 15 min 
(p<0.001) and by 174% after 20 min (p<0.001) treatment with 100 nM insulin (Figure 
3-6, B). 
 
In MCF-10A cells AKT-phosphorylation increased by 75% after 5 min (p=0.022) 
treatment with 100 nM insulin and no statistically significant change was observed after 
10 min insulin treatment (Figure 3-6, C). Phosphorylation of ERK1/2 increased by 29% 
after 10 min (p=0.002) treatment with 100 nM insulin. No statistically significant 
change was observed at any other time point (Figure 3-6, D).  
 
In SK-BR-3 cells AKT-phosphorylation increased by 67% after 5 min (p<0.001) 
treatment with 100 nM insulin and no significant change in AKT-phosphorylation was 
observed at the other treatment times (Figure 3-6, E). Phosphorylation of ERK1/2 
decreased by 15%, 20% and 24% after treatment with 100 nM insulin for 5 min 




(p=0.016), 10 min (p=0.002) and 15 min (p<0.001), respectively, but did not 
significantly change after 20 min of insulin treatment compared to control (Figure 3-6, 
F). 























































































































































































Figure 3-6: Changes in cell signalling pathway activation (PI3-kinase (A, C, E), MAP-kinase 
(B, D, F)) with 100 nM insulin treatment in A, B) MDA-MB-231 breast cancer cells, C, D) 
MCF-10A breast epithelial cells and E, F) SK-BR-3 breast cancer cells. Bars represent AKT-
phosphorylation or ERK1/2-phosphorylation in relation to the respective control within each 
graph and are expressed as a percentage thereof. Error bars represent ± SEM of three 
experiments, each consisting of two replicates, i.e. six data points for each bar. 
* Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 
univariate analysis of variance. (* 0.05>p>0.01; ** 0.01>p>0.001; *** p<0.001) 




3.3.3.2 Effect of cell signalling pathway inhibitors on activation of PI3-kinase 
and MAP-kinase pathways after insulin treatment 
Cross-reactivity and specificity of the insulin action on PI3-kinase and MAP-kinase cell 
signalling pathway was examined by treating cells with wortmannin, a PI3-kinase cell 
signalling pathway inhibitor and/or PD98059, a MAP-kinase cell signalling pathway 
inhibitor and insulin (Figure 3-7, Figure 3-8 and Figure 3-9). Untreated control cells 
were incubated in serum-free medium (Control, solid grey) at all times. All results are 
presented as percentage change from this control. 
 
In MDA-MB-231 cells, treatment with 100 nM wortmannin or 50 μM PD98059 alone 
did not change basal AKT-phosphorylation. AKT-phosphorylation did not change 
compared to control for the “insulin only”-series or the control for the “wortmannin”-
series after 5 min or 10 min treatment with 100 nM insulin in the presence of 100 nM 
wortmannin. When MEK1/2 was inhibited with 50 μM PD98059, treatment with 
100 nM insulin increased AKT-phosphorylation by 327% and by 196% after 5 min 
(p<0.001) and 10 min (p<0.001) treatment, respectively, compared to control for the 
“insulin only”-series. Combined treatment with 50 μM PD98059 and 100 nM insulin 
increased AKT-phosphorylation by 344% and by 213% after 5 min (p<0.001) and 
10 min (p<0.001) respectively, compared to the control for the “PD98059”-series 
(Figure 3-7, A). Thus insulin-mediated AKT activation is independent of MEK1/2 
phosphorylation, but dependant of normal PI3-kinase function.  
 
In MDA-MB-231 cells no significant change in ERK1/2-phosphorylation after 
treatment with 50 μM PD98059 alone or in combination with 100 nM insulin was 




observed (Figure 3-7, B). ERK1/2-phosphorylation did also not increase after 20 min 
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Figure 3-7: Changes in insulin induced cell signalling activity of A) PI3-kinase and B) 
MAP-kinase cell signalling pathways in MDA-MB-231 breast cancer cells. Bars represent 
AKT-phosphorylation or ERK1/2-phosphorylation in relation to the respective control within 
each graph and are expressed as a percentage thereof. Error bars represent ± SEM of three 
experiments, each consisting of two replicates, i.e. six data points for each bar. 
* Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 
univariate analysis of variance. (*** p<0.001) 
†significance value compared to its own control obtained using Tukey’s HSD post-hoc test 
following univariate analysis of variance. (††† p<0.001) 




In MCF-10A cells treatment with 100 nM wortmannin or 50 μM PD98059 alone did not 
change basal phosphorylation of AKT (Figure 3-8, A). Combined treatment with 
100 nM wortmannin and 100 nM insulin did not increase AKT-phosphorylation 
compared to control for “insulin only” or “wortmannin” control after 5 min and 10 min 
treatment. Combined treatment of 50 μM PD98059 and 100 nM insulin increased AKT-
phosphorylation by 101% after 5 min (p=0.007) treatment compared to control for 
“insulin only” and by 97% (p=0.002) compared to “PD98059” control (Figure 3-8, A). 
 
Treatment with 100 nM wortmannin did not change basal ERK1/2-phosphorylation 
(Figure 3-8, B). Additionally in the presence of 100 nM wortmannin treatment with 
100 nM insulin did not change ERK1/2-phosphorylation between 5-20 min of 
treatment. In MCF-10A cells ERK1/2-phosphorylation decreased by 30% (p=0.001) 
with treatment with 50 μM PD98059 alone compared to control for “insulin only”. 
Combined treatment of 50 μM PD98059 and 100 nM insulin decreased ERK1/2-
phosphorylation by 20% and by 21% after 5 min (p=0.001) and 10 min (p=0.012) 
treatment, respectively compared to control for “insulin only”. Compared to “PD98050” 
control however ERK phosphorylation of these incubation times did not show a 
significant change (Figure 3-8, B).  
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Figure 3-8: Changes in insulin induced cell signalling activity of A) PI3-kinase and B) 
MAP-kinase cell signalling pathways in MCF-10A breast epithelial cells. Bars represent AKT-
phosphorylation or ERK1/2-phosphorylation in relation to the respective control within each 
graph and are expressed as a percentage thereof. Error bars represent ± SEM of three 
experiments, each consisting of two replicates, i.e. six data points for each bar. 
* Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 
univariate analysis of variance. (* 0.05>p>0.01; ** 0.01>p>0.001),  
†significance value compared to its own control obtained using Tukey’s HSD post-hoc test 
following univariate analysis of variance. (†† 0.01>p>0.001) 
 




In SK-BR-3 cells basal AKT-phosphorylation was decreased by 85% with 100 nM 
wortmannin alone (p<0.001) compared to control for “insulin only”. In the presence of 
100 nM wortmannin, AKT-phosphorylation decreased by 81%, 84%, 86% and 92% 
after 5 min, 10 min, 15 min and 20 min (all p<0.001) treatment with 100 nM insulin, 
respectively compared to control for “insulin only” (Figure 3-9, A). Combined 
treatment of 100 nM wortmannin and 100 nM insulin did not significantly change AKT-
phosphorylation compared to “wortmannin” control. Basal AKT-phosphorylation did 
not change in the presence of 50 μM PD98058, compared to control for “insulin only”. 
In the presence of 50 μM PD9859, AKT-phosphorylation increased by 57%, 59%, 60% 
and 52% after 5 min, 10 min, 15 min and 20 min (all p<0.001) treatment with 100 nM 
insulin, respectively compared to control for “insulin only”. No significant change in 
AKT-phosphorylation at any treatment timepoint compared to “PD98059” control was 
observed (Figure 3-9, A).  
 
In SK-BR-3 cells ERK1/2-phosphorylation was decreased by 56% with wortmannin 
treatment (p<0.001) alone compared to control for “insulin only” (Figure 3-9, B). In the 
presence of 100 nM wortmannin, ERK1/2-phosphorylation was decreased by 36%, 
41%, 54% and 51% after 5 min, 10 min, 15 min and 20 min (all p<0.001) treatment 
with 100 nm insulin, respectively compared to control for “insulin only” (Figure 3-9, 
B). Compared to “wortmannin” control ERK1/2-phosphorylation did not change with 
combined treatment of 100 nM wortmannin and 100 nM insulin at any timepoint. In 
SK-BR-3 cells ERK1/2-phosphorylation decreased by 25% with 50 μM PD98059 
treatment alone (p<0.001) compared to control for “insulin only”. In the presence of 
50 μM PD98059 ERK1/2-phosphorylation decreased by 47%, 38%, 42% and 39% after 




5 min, 10 min, 15 min and 20 min (all p<0.001) treatment with 100 nM insulin, 
respectively compared control for “insulin only”. Compared to “PD98059” control 
ERK1/2-phosphorylation decreased by 22% after 5 min (p=0.02) treatment with 
100 nM insulin (Figure 3-9). It may be concluded that ERK1/2 is not a target for insulin 
in SK-BR-3 cells. Insulin also does not affect the inhibition in phosphorylation observed 
by both cell signalling pathway inhibitors.  
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Figure 3-9: Changes in insulin induced cell signalling activity of A) PI3-kinase and B) 
MAP-kinase cell signalling pathways in SK-BR-3 breast cancer cells. Bars represent AKT-
phosphorylation or ERK1/2-phosphorylation in relation to the respective control within each 
graph and are expressed as a percentage thereof. Error bars represent ± SEM of three 
experiments, each consisting of two replicates, i.e. six data points for each bar. 
* Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 
univariate analysis of variance
5
. (** 0.01>p>0.001; *** p<0.001),  
†significance value compared to its own control obtained using Tukey’s HSD post-hoc test 
following univariate analysis of variance. († 0.05>p>0.01) 
                                                 
5
 Please note that “insulin only” treatment significantly decreased ERK1/2-phosphorylation after 
5 min, 10 min and 15 min insulin treatment in SK-BR-3 cells as displayed in Figure 3-6, B. For 
comprehensiveness the asterisks indicting this significant difference have been omitted in 
Figure 3-9, B. 




3.3.4 Effect of cell signalling pathway inhibitors on cell proliferation of insulin 
treated cells 
The effect of wortmannin and PD98059 on cell proliferation in combination with 
insulin treatment for 24 h was assessed in MDA-MB-231 breast cancer cells and 
MCF-10A breast epithelial cells, but not in SK-BR-3 breast cancer cells (Figure 3-10). 
Untreated control cells were incubated in serum-free medium (Control) at all times. All 
results are presented as percentage change from this control. 
 
In MDA-MB-231 cells, cell proliferation did not change with 100 nM wortmannin 
treatment for 24 h compared to control for “no inhibitor”. Cell proliferation decreased 
by 29% after 24 h treatment with 50 μM PD98059 (p<0.001) compared to control for 
“no inhibitor”. Cell proliferation did not change after 24 h combined treatment with 
100 nM insulin and 100 nM wortmannin or with 100 nM insulin and 50 μM PD98059 
compared to control for “no inhibitor”. Cell proliferation increased significantly by 20% 
after combined treatment with 100 nM insulin and 50 μM PD98059 for 24 h (p=0.002) 
compared to “PD98059” control. Combined treatment with 100 nM insulin, 100 nM 
wortmannin and 50 μM PD98059 reduced cell proliferation by 15% (p=0.007) 
compared to control for “no inhibitor” (Figure 3-10, A).  
 
Cell proliferation in MCF-10A cells was reduced with 100 nM wortmannin and 50 μM 
PD98059 treatment for 24 h by 66% and by 65% respectively compared to control for 
“no inhibitor” (both p<0.001). Combined treatment with 100 nM insulin and 100 nM 
wortmannin or 100 nM insulin and 50 μM PD98059 for 24 h increased cell proliferation 
by 31% (p=0.001) and 8% (p=0.031), respectively compared to control for “no 
inhibitor”. Compared to their own control the increase in cell proliferation was 101% 




(p<0.001) for combined insulin/wortmannin treatment and 59% (p<0.001) for combined 
insulin/PD98059 treatment. Combined treatment with 100 nM insulin, 100 nM 
wortmannin and 50 μM PD98059 for 24 h decreased cell proliferation by 68% 
(p<0.001) compared to control for “no inhibitor” (Figure 3-10, B).  
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Figure 3-10: Changes in cell proliferation after treatment with insulin and cell signalling 
pathway inhibitors in A) MDA-MB-231 cells and B) MCF-10A cells. Bars represent BrdU-
incorporation after treatment as indicates in relation to the control for “no inhibitor” and 
expressed as a percentage thereof. Error bars represent ± SEM of three experiments, each 
consisting of six replicates per treatment, i.e. 18 data points for each bar. 
*significance value for treatment compared to “no inhibitor/control”, obtained using Dunnett’s 
post-hoc t-test following univariate analysis of variance. 
(*0.05>p>0.01; **0.01>p>0.001; ***p<0.001),  
†significance value compared for treatment to their own control, obtained using Tukey’s HSD 
post-hoc test following univariate analysis of variance (†††p<0.001). 




3.3.5 Effect of insulin on cell cycle progression 
Cell cycle profiles for all cell lines were established after treatment with 100 nM insulin 
for 24 h. One initial experiment each was also performed after 3 h and 6 h of treatment 
with 100 nM insulin (data not shown), which did not indicate a significant change and 
these incubation times were not further pursued. Two controls were performed for 
instrument calibrations, one with cells incubated with fully supplemented growth 
medium at all times and one with cells incubated in serum-free medium as untreated 
control (see Appendix section 9.3.3.1). For the analysis presented in Figure 3-11, 
“control” refers to cells being incubated in serum-free medium, corresponding to the 
controls of all the other analyses presented is subsequent chapters.  
 
The performed analysis allowed for estimating the impact insulin treatment had on the 
amount of cells within each cell cycle stage. Treatment with 100 nM insulin increased 
S-phase population by 1.5 percentage points (an increase of 13%
6
) after 24 h treatment 
(p=0.002) compared to S-phase population of control cells. Insulin treatment did not 
change any other cell cycle stage in MDA-MB-231 cells compared to the respective cell 
cycle stage population in control cells (Figure 3-11, A). 
 
In MCF-10A (Figure 3-11, B) and SK-BR-3 (Figure 3-11, C) treatment with 100 nM 
insulin for 24 h did not change the amount of cells in any cell cycle stage compared to 
the respective cell cycle stage population in control cells. 
                                                 
6
 This number represents the percentage increase corresponding to a 1.5 percentage point 
increase between insulin treated and control cells. This is also valid for all additional chapters. 

































































































Figure 3-11: Changes of cell population distribution across cell cycle stages after 24 h 
treatment with 100 nM insulin treatment in A) MDA-MB-231 cells, B) MCF-10A cells and C) 
SK-BR-3 cells. Bars represent percentage of cells as obtained from a 10000 cell sample 
obtained, treated and analysed as described in section 2.8.1. Error bars represent ± SEM of three 
experiments with two replicates for each treatment, i.e. 6 data points for each bar. 
*significance value compared to control (grey) at that stage, obtained using Dunnett’s t-test 
following univariate analysis of variance (** 0.05>p>0.01). 





3.4.1 The effect of insulin treatment on human MDA-MB-231 breast cancer 
cells 
In the study presented here 100 nM insulin treatment for 24 h did not increase cell 
proliferation in MDA-MB-231 but decreased cell proliferation after 48 h of treatment 
(see section 3.3.1). Several studies had previously reported that insulin stimulation does 
not increase cell proliferation of MDA-MB-231 cells, using a variety of techniques to 
estimate cell proliferation (Bardon and Razanamahefa, 1998; Costantino et al., 1993; 
Godden et al., 1992; Osborne et al., 1978). The study by Osborne and colleagues (1978) 
aimed at developing further their idea of insulin stimulated growth in breast cancer 
cells, which they had observed in a previous study with MCF-7 breast cancer cells 
(Osborne et al., 1976). Examination included the ability of insulin to bind to its receptor 
and how long the insulin-IR interaction would be in place, before half of the 
administered insulin was degraded. In the study from 1978 this analysis included three 
additional breast cancer cell lines, including MDA-MB-231 breast cancer cells. Their 
first validating experiment was measuring incorporation of [
14
C] labelled leucine and 
thymidine, which did not change in MDA-MB-231 breast cancer cells with 24 h insulin 
treatment at insulin concentrations between 0.06 ng/ml (0.103 nM) and 60 ng/ml 
(10.3 nM), but was significantly elevated in MCF-7 and ZR-75-1 breast cancer cells 
(Osborne et al., 1978). The authors concluded that increased leucine and thymidine 
incorporation were indicative of increased proliferation, thus conclusively a lack of such 
incorporation corresponded to no effect of insulin on proliferation in MDA-MB-231 
breast cancer cells. Thus the cell proliferation results in the study presented here 
correspond to the results observed by Osborne and colleagues (1978). The study by 
Costantino and colleagues (1993) is one of a number of studies by the same group on 




the effect of insulin on breast cancer cells (see also section 8.4.2). Their focus shifted 
however to examining IR and IGF-1R in breast cancer cells in later studies. In the study 
from 1993, MDA-MB-231 breast cancer cells were specifically examined for [
3
H] 
labelled thymidine incorporation after insulin treatment (range: 0.1 nM and 100 nM). 
Thus their experimental approaches of DNA synthesis and insulin concentration were 
similar to the experimental approach in the study presented here. Their incubation time 
in serum-free medium was however 48 h and insulin treatment time was 48 h, while in 
the study presented here, incubation time in serum-free medium was 24 h and insulin 
treatment time was either 24 h or 48 h. Their results were identical to the results 
presented in the study presented here, in that insulin treatment of 100 nM did not 
increase DNA synthesis in MDA-MB-231 breast cancer cells (Costantino et al., 1993). 
Two additional studies (Bardon and Razanamahefa, 1998; Godden et al., 1992) 
examined the effect of insulin on MDA-MB-231 as part of their studies. Unfortunately 
only abstracts were available for these last two studies, thus their measurement of cell 
proliferation and insulin treatment time and concentration are not known. Godden and 
colleagues’ (1992) main finding was that insulin induced proliferation only in ER-
positive breast cancer cells and not in ER-negative ones. Bardon and Razanamahefa’s 
(1998) main finding was that retinoic acid inhibited insulin-induced cell proliferation in 
MCF-7 and T47D breast cancer cells but MDA-MB-231 breast cancer cells were not 
affected. It is not specified however, whether that meant that MDA-MB-231 cell 
proliferation did not increase with insulin treatment or whether retinoic acid treatment 
failed to decrease cell proliferation. In conclusion there is sufficient evidence suggesting 
that insulin does not affect cell proliferation in MDA-MB-231 breast cancer cells.  




Interestingly, while studies, including the one presented here, continuously demonstrate 
that insulin does not affect cell proliferation in MDA-MB-231 breast cancer cells, 
insulin treatment does affect a number of other aspects in MDA-MB-231 breast cancer 
cells. Insulin is necessary for “normal” cell motility (Pan and Djamgoz, 2008) and 
mediates an increase HIF-1
7
, which was MAP-kinase dependent, suggesting that insulin 
can affect the MAP-kinase pathway in these cells (Bartella et al., 2008). These authors 
also observed that insulin treatment can increase leptin expression in these cells. This 
effect seems surprising as two reports suggested that insulin does not affect cell 
proliferation in MDA-MB-231 breast cancer cells, because of the expression of an 
inhibitor of IR-phosphorylation, membrane glycoprotein PC-1 (Belfiore et al., 1996b; 
Costantino et al., 1993). The study presented here, in addition to findings mentioned 
above, indicates however that insulin does have an effect on MDA-MB-231 breast 
cancer cells. Thus the effect of insulin on MDA-MB-231 breast cancer cells, suggesting 
a more complex effect than merely increased cell proliferation. 
 
There was an interesting observation that blocking MEK1/2 phosphorylation without 
insulin treatment decreased cell proliferation in MDA-MB-231 cells, while in the 
presence of insulin the same effect was not observed (Figure 3-7, B). Thus insulin 
seemingly increased cell proliferation, if the MAP-kinase pathway was inhibited. The 
first aspect of this observation, i.e. a decrease in cell proliferation after MEK1/2 
inhibition is readily explained by the hypothesis that the MAP-kinase pathway is 
responsible for mediating cell growth in MDA-MB-231, where the likelihood of 
                                                 
7
 HIF-1 is the hypoxia induced transcription factor, having been shown to promote transcription 
of the leptin gene (Cascio et al., 2008; Grosfeld et al., 2002; Wang et al., 2008; Wu et al., 2007 
and section 1.1.4.3). 




consecutively activated MAP-kinase pathway exists due to the mutations of RAS and 
RAF. The second part of the observation however, i.e. that insulin increases cell 
proliferation, if MEK1/2 is inhibited, is more complex to answer. Insulin treatment 
alone did not increase cell proliferation and indeed decreased proliferation after 48 h of 
treatment (Figure 3-4). The MAP-kinase pathway is a major growth promoting pathway 
the MAP-kinase pathway is probably the main pathway by which insulin can act as a 
mitogen. The only other possibility for growth promotion would be activation of the 
PI3-kinase pathway, but inhibiting this pathway did not result in growth inhibition 
(Figure 3-10). One possible explanation for this finding could be that MDA-MB-231 
breast cancer cells may operate at their maximal proliferative limit after incubation in 
serum-free medium and that insulin treatment alone is not able to increase this 
proliferation any further. In the presence of a MEK1/2 inhibitor, insulin, through 
stimulation of a MAP-kinase independent pathway, is however able to return cell 
proliferation to its maximal level. This interpretation would explain several additional 
findings discussed later on. There is however a serious flaw in this interpretation in that, 
if there is such a maximal level of proliferation, one would not observe an increase 
beyond this level. MDA-MB-231 cells grown in growth medium, supplemented with 
FCS, easily surpassed this level of proliferation (see Appendix section 9.1.1 and section 
9.1.2). Thus one may speculate that this proliferation maximum is “self-imposed” by 
these cells under circumstances imposed by incubation in serum-free medium. The 
study presented here however observed increases in cell proliferation with leptin 
treatment in cells grown in serum depleted medium (section 4.3.1). Thus there is no 
fully supported explanation for the observed insulin induced increase in cell 
proliferation after MEP-kinase cell signalling pathway inhibition. Alternatively 




MDA-MB-231 cancer cells may produce an autocrine signal that utilises MAP-kinase 
signal, which is disrupted with PD98059 treatment. The increase in proliferation 
between the PD98059 control and the combined treatment of insulin and PD95059 
however is not significant. 
 
While the cell proliferation results of the study presented here were in agreement with 
the current findings in the literature, the results from the IR phosphorylation 
experiments were more controversial. The presented results show a 380% increase in IR 
tyrosine phosphorylation in MDA-MB-231 cells after 2 min treatment with 100 nM 
insulin. Other studies examined total IR-protein as opposed to changes in IR-
phosphorylation. In 159 breast cancer samples, IR protein content was 6-fold elevated 
compared to samples from breast reduction surgery (Papa et al., 1990). Additionally in 
breast cancer cell lines MCF-7 and ZR-75-1 IR content was elevated 5-fold and 3-fold, 
respectively (Milazzo et al., 1992) and 5-fold in MDA-MB-231 breast cancer cells 
(Costantino et al., 1993) compared to IR content in the non-malignant human breast 
epithelial cell line 184B5
8
. A subsequent study in MDA-MB-231 cells reported that the 
observed increased IR content is explained by an increase in IR-gene copy number, 
which is not usually observed in breast cancer cells or tumour samples (Papa et al., 
1997)
9
. Controversially, Costantino and colleagues (1993) reported that MDA-MB-231 
cells overexpress IR, but they did not find an increase in IR phosphorylation with 
100 nM insulin treatment for 1 min. 
                                                 
8
 IR-content was 29.1 ng/10
6
 cells (Costantino et al., 1993) and 5.3 ng/106 cells in 184B5 breast 
epithelial cell line (Milazzo et al., 1992).  
9
 MDA-MB-231 cells were the only cell line (of five examined in total) that showed an increase 
in IR-gene copy number, while the increase in IR expression in the other cell lines was 
suggested to be caused by changes in transcriptional activity at the IR promoter (Papa et al., 
1997).  




Instead they reported a co-precipitate of the IR, which acted as a tyrosine kinase 
inhibitor, which was later identified as glycoprotein PC-1 (Belfiore et al., 1996b). Thus 
there seems sufficient indication that IR phosphorylation in MDA-MB-231 breast 
cancer cells is significantly inhibited by an intrinsic factor. The results in the study 
presented here however show a significant increase in IR phosphorylation following 
insulin stimulation for 2 min in MDA-MB-231 breast cancer cells. A possible 
explanation is the difference in methodology. Costantino and colleagues (1993) used 
immunoprecipitation to isolate total IR protein, subjected the precipitate to western 
blotting and detected phosphorylated IR with an antiphosphotyrosine antibody, while 
the study presented here used a Phospho-Insulin ELISA assay. Still the observations 
presented here of IR phosphorylation are not supported by the findings of Costantino 
and colleagues (1993), with no conclusive explanation further evaluation may be needed 
to explore this interesting contradiction. 
 
MDA-MB-231 breast cancer cells showed increased phosphorylation of AKT after 
5 min and 10 min treatment with 100 nM insulin (Figure 3-6, A). In combination with 
the previous finding that IR phosphorylation was significantly increased, this result 
shows that MDA-MB-231 breast cancer cells do show a response to insulin treatment. 
Normal insulin signalling involves activation of the PI3-kinase pathway, thus, as the IR 
is strongly activated, it comes as no surprise that AKT shows a significant increase in 
phosphorylation. This suggests that normal insulin signalling is intact in MDA-MB-231 
breast cancer cells and that there is no intrinsic inhibition. The signal however is short 
lived as the increase in AKT-phosphorylation after 10 min is only half as strong as after 
5 min of 100 nM insulin treatment. One study examining PI3-kinase pathway activation 




after insulin treatment in MDA-MB-231 breast cancer cells showed that inhibition of 
AKT decreased insulin-induced gene expression of leptin (Bartella et al., 2008). 
 
Activation of the MAP-kinase pathway in MDA-MB-231 cells was also observed. 
Compared to AKT-phosphorylation, ERK1/2-phosphorylation only significantly 
increased after 15 min treatment, when AKT-phosphorylation was decreasing after a 
5 min maximum phosphorylation increase. This “lagging” behind may be an indication 
that the activation of the MAP-kinase pathway may be indirect, potentially even through 
the PI3-kinase pathway itself, via cross-activation from AKT to RAS. The 
phosphorylation results observed after combined treatment with insulin and wortmannin 
support this suggestion (Figure 3-7, B). Here, in the presence of 100 nM wortmannin, 
phosphorylation of ERK1/2 was not increased after treatment between 5 min and 
20 min with 100 nM insulin. Thus intact PI3-kinase signalling was necessary for the 
observed increase in ERK1/2-phosphorylation after 15 min and 20 min treatment with 
100 nM insulin. Alternatively ERK1/2 is further downstream in the MAP-kinase 
pathway than AKT is in the PI3-kinase pathway, thus it may take more time for the 
insulin signal to reach ERK1/2 (see section 1.6). Moreover RAF, MEK1/2 and 
ERK1/2
10
 are cytosolic kinases, while AKT is phosphorylated at the cell membrane in 
close proximity to the original receptor site. In a study examining the potential for 
insulin to induce leptin expression, inhibition of ERK1/2 activation, reduced the 
observed leptin expression in MDA-MB-231 cells (Bartella et al., 2008). This study 
however did not examine, if insulin increases ERK1/2-phosphorylation. Thus the study 
presented here is the first to demonstrate the ability of insulin to increase 
                                                 
10 
Only RAS is phosphorylated at the cell membrane, while subsequent members of the 
MAP-kinase pathway are not required to be at the cell membrane for phosphorylation.  




ERK1/2-phosphorylation in MDA-MB-231 breast cancer cells. The pattern of 
MAP-kinase activation however indicates a complex inter-relationship with other 
pathways that may mediate this activation. 
 
The effect of insulin treatment on cell population distribution by cell cycle stage is 
limited. Insulin treatment however does increase significantly the S-phase population in 
MDA-MB-231 cells and in turn seems to decrease the G0-phase population. This 
decrease is however not significant. During S-phase cells replicate their DNA content in 
preparation to undergo mitosis after passing through the G2/M checkpoint in the cell 
cycle. An increase in the S-phase population therefore may indicate insulin transferring 
more cells into a position to undergo mitosis, thus accelerating cell cycle progression. 
This finding may be interpreted that insulin increases cell cycle progression in 
MDA-MB-231 breast cancer cells. One would expect increased cell cycle progression in 
highly proliferating cells. The cell proliferation results from the study presented here in 
addition to others are not however in concordance with this observation.  
 
3.4.2 The effect of insulin treatment on MCF-10A normal human breast 
epithelial cells 
Cell proliferation increased in MCF-10A cells after treatment with 100 nM insulin for 
24 h. Cell proliferation is still significantly increased after 48 h treatment with insulin 
compared to 48 h control
11
. Thus there is sufficient indication that insulin increased cell 
proliferation in MCF-10A cells. For the study presented here that raises the possibility 
that obesity may act through hyperinsulinaemia to promote cell proliferation in breast 
epithelial cells and thus increase the potential for carcinogenic development. There are 
                                                 
11
 See also Appendix section 9.2. 




no comparable studies available that examined the effect of insulin on MCF-10A breast 
epithelial cells. Normal growth medium for MCF-10A cells however contains 10 μg/ml 
insulin (1.7 μM), which suggests that cell proliferation in these cells is affected by 
insulin (see also section 2.1.1 and section 8.8.1). Thus the study presented here may 
spur further investigation into the potential of insulin in promoting breast epithelial cell 
growth and thus act in a way to promote breast cancer development. 
 
Assessment of insulin receptor content and activation for MCF-10A cells has not been 
examined elsewhere at the time of writing. The results presented here indicate a 
significant increase in IR phosphorylation after insulin treatment for 2 min. This 
confirms that insulin activates the IR in MCF-10A cells. Assessment of IR content 
showed no changes in IR expression after 2 min insulin treatment, thus the increase in 
phosphorylation is entirely caused by activation of the IR by insulin stimulus. 
Consequently, insulin exerts its effect, at least partly, through its own receptor in MCF-
10A cells. In both MDA-MB-231 cells and MCF-10A cells, IR-protein expression 
decreased non-significantly after 2 min treatment with 100 nM insulin compared to 
untreated control. This is an expected finding, as phosphorylated IR cannot be de-
phosphorylated, but instead is degraded in the proteasome, once it has undergone 
activation and replaced by newly synthesised IR. Thus this non-significant decrease in 
IR expression further supports an increase in IR-phosphorylation.  
 
MCF-10A cells, AKT-phosphorylation increased significantly after 5 min treatment 
with 100 nM insulin. All further treatments with insulin did not increase AKT-
phosphorylation. Thus insulin does activate the PI3-kinase cell signalling pathway. The 




activation is short lived and has its maximum within the first ten minutes of the insulin 
stimulus
12
. Compared to MDA-MB-231 cells, AKT-phosphorylation in MCF-10A cells 
is lower and shorter lasting. The level of activation however may be expected given the 
finding of a lower increase in IR phosphorylation compared to MDA-MB-231 cells. 
Thus there may be a direct correlation between level of IR phosphorylation and level of 
AKT-phosphorylation. The only comparative study examined the effect of insulin on 
MCF-10A cells used MCF-10A cells as a control for measurements in ZR-75-1 breast 
cancer cells (Gliozzo et al., 1998). Here insulin treatment stimulated AKT-activation, 
which was decreased after treatment with PI3-kinase inhibitor LY294002 in MCF-10A 
breast epithelial cells. This study however used this finding as comparison to ZR-75-1 
breast cancer cells, in which insulin stimulated cell proliferation was PI3-kinase 
independent (Gliozzo et al., 1998). Thus there is evidence from the results in the study 
presented here and the literature that insulin increases activation of the PI3-kinase cell 
signalling pathway in MCF-10A cells. Additionally, the effect of PI3-kinase inhibitor 
wortmannin in MCF-10A cells suggests that AKT is partly responsible for mediating 
insulin induced cell proliferation. 
 
Phosphorylation of ERK1/2 was significantly increased after 10 min treatment with 
100 nM insulin in MCF-10A cells. At all further time points, no significant change in 
ERK1/2-phosphorylation compared to control was observed. Thus insulin treatment 
does activate the MAP-kinase pathway in MCF-10A cells. Interestingly the 
phosphorylation of ERK1/2 is increased by about 30% compared to control, thus below 
                                                 
12
 The insulin receptor can become desensitised by high insulin concentrations, as demonstrated 
in liver cells, with significantly decreased ability to autophosphorylate after 16 h of 100 nM 
insulin treatment (Blake et al., 1987). A similar mechanism may explain the quick drop in 
AKT-phosphorylation with insulin treatment. 




the level of proliferation increase (~180% increase). Additionally ERK1/2-
phosphorylation in MDA-MB-231 breast cancer cells is higher than in MCF-10A cells, 
but without the same increase in cell proliferation. Thus the level of insulin-induced 
ERK1/2-phosphorylation does not translate to the increase in cell proliferation, 
indicating either the involvement of additional signals in insulin induced cell 
proliferation in MCF-10A cells, or correspondingly inhibitory signals in MDA-MB-231 
cells that do not allow ERK1/2 activation to translate into increased cell proliferation. 
Similarly to MDA-MB-231 cells, ERK1/2-phosphorylation does not occur at the same 
time as AKT-phosphorylation. While AKT-phosphorylation reaches its maximal 
increase within the first 10 min of insulin treatment, ERK1/2-phosphorylation reaches 
its maximum between 5 min and 15 min of insulin treatment. This may be an additional 
indication of insulin activation of the MAP-kinase cell signalling pathway being 
dependent on PI3-kinase pathway cross-talk. Observing the same finding in both breast 
cancer and breast epithelial cell lines indicates that this potential cross-talk may be a 
universal feature of insulin signalling.  
 
Further evidence for a potential cross-talk between PI3-kinase pathway and MAP-
kinase pathway is suggested by findings using cell signalling inhibitors on cell 
signalling pathway activation. Inhibition of PI3-kinase with wortmannin decreased 
insulin-induced increases in AKT-phosphorylation, while inhibition of the MEK1/2 
with PD98059 had no effect on insulin induced phosphorylation of AKT. This 
observation is an indication that insulin induced AKT-phosphorylation is PI3-kinase 
dependent and not mediated by cross-talk from the MAP-kinase cell signalling pathway. 
On the other hand wortmannin eliminated the significant increase in ERK1/2-




phosphorylation after 10 min insulin treatment in MCF-10A cells. This indicates that 
insulin induced increases in ERK1/2-phosphorylation require intact PI3-kinase 
signalling, indicating a cross-talk between PI3-kinase and MAP-kinase cell signalling 
pathway. PD98059 also decreased ERK1/2-phosphorylation alone or after 5 min and 
10 min in combination with 100 nM insulin treatment. The observation that PD98059 
also decreases insulin induced ERK1/2-phosphorylation indicates that ERK1/2-
phosphorylation is also MEK1/2 dependent. This also suggests that any potential cross-
talk between AKT and the MAP-kinase pathway most likely occurs upstream of 
MEK1/2. Further investigation of this interesting suggestion may provide additional 
insight into the universality of this finding, the potential impact it has on cell 
proliferation and may be exploited therapeutically, without disrupting essential insulin 
signalling. 
 
Insulin induced proliferation seems mediated through both the PI3-kinase and MAP-
kinase pathway. Interestingly the pathways are not redundant but work synergistically, 
to increase cell proliferation in MCF-10A cells. By inhibiting either pathway, insulin-
induced proliferation is reduced compared to insulin only treatment, but proliferation 
still increased with insulin treatment, compared to their control. Combined inhibition of 
both pathways however completely inhibits insulin induced cell proliferation. In fact a 
significant decrease in cell proliferation compared to untreated control was observed. 
This is a strong indication that insulin induced cell proliferation is mediated exclusively 
by the PI3-kinase and MAP-kinase cell signalling pathways without involvement of an 
additional pathway. 
 




There was no effect of insulin on the distribution of the cell population across the cell 
cycle stages and thus there is no indication that insulin induces cell cycle progression in 
MCF-10A cells. This is surprising as insulin induced a significant increase in 
proliferation and cell signalling pathways. Thus one would also expect an increase in 
cell cycle progression. There is not a conclusive explanation to this finding. One 
suggestion might be that the distribution of cells across cell cycle stages is unaffected 
by incubation in serum-free medium and insulin, i.e. a slowing or increase of the cell 
cycle occurs unanimously across all cell cycle stages, leaving the distribution of the cell 
population unaffected, thus no change can be picked up with the method used in the 
study presented here. This suggestion is however unlikely as cell cycle arrest after 
incubation in serum-free medium should occur at specific points in the cell cycle, i.e. 
the cell cycle check points, which should result in an increase in G1 and possibly G2-
phase population. This arrest should then be overcome by insulin and one would expect 
an increase in S-phase population similar to the one observed for MDA-MB-231 breast 
cancer cells. Thus this finding eludes a comprehensive explanation and is not supported 
by the additional findings for this cell line after insulin treatment, which suggested a 
strong proliferative effect of insulin on MCF-10A breast epithelial cells.  
 
3.4.3 The effect of insulin treatment on SK-BR-3 human breast cancer cells 
The effect of insulin on SK-BR-3 cells has not been described previously and the results 
observed in the study presented here do not indicate an involvement of insulin in cell 
proliferation in SK-BR-3 cells. Neither 24 h nor 48 h treatment revealed a difference in 
proliferation compared to control or between the two treatment times. In this respect 
SK-BR-3 cells display a similar response to insulin as MDA-MB-231 cells do, without 




the decrease in proliferation after 48 h of treatment. This finding is therefore in line with 
previous observations that suggested that insulin does not increase in ER-negative 
breast cancer cell lines. 
 
SK-BR-3 cells do possess a functioning IR, which significantly increased in 
phosphorylation in response to 100 nM insulin treatment for 2 min. The level of 
increase was similar to that of MCF-10A normal breast epithelial cells, which indicates 
insulin signalling at the level of IR phosphorylation in SK-BR-3 cells is similar to 
non-cancerous MCF-10A cells than to cancerous MDA-MB-231 breast cancer cells. 
This probably reflects IR overexpression in MDA-MB-231 cells and may also indicate 
that SK-BR-3 cells do not overexpress the IR. This is speculative as IR protein 
expression was not assessed due to time constraints. 
 
AKT-phosphorylation is significantly increased in SK-BR-3 cells after treatment with 
100 nM insulin for 5 min. Thus insulin acted similarly as in the other cell lines with a 
quick, high increase in phosphorylation followed by a just as quick a decrease. The 
level of AKT-activation was again similar to MCF-10A cells and not to MDA-MB-231 
cells, the trend is however similar for all three cell lines.  
 
ERK1/2-phosphorylation is significantly reduced in response to insulin treatment up to 
20 min, at which ERK1/2-phosphorylation returned to baseline. This feature is not 
observed in any other examined cell line. An explanation for this observation may be 
that, if cross-talk from the PI3-kinase pathway to the MAP-kinase pathway is assumed 
then selective activation of the PI3-kinase pathway in response to insulin leads to 




activation of insulin specific targets (i.e. GLUT-4) and not an unspecific 
cross-activation of MAP-kinase, which was observed in the two other cell lines. 
 
This may be further supported by the findings of the cell signalling pathway inhibitors. 
AKT-phosphorylation is substantially decreased with wortmannin treatment alone. This 
suggests a high background activation of the PI3-kinase pathway, even in the absence of 
outside signals, i.e. during incubation in serum-free medium. It should be noted again 
that SK-BR-3 cells overexpress the erbb2 gene (HER receptor), whose intra-cellular 
target is PI3-kinase. Other studies found that PI3-kinase inhibition was highly effective 
in inhibiting cell proliferation in HER2 overexpressing SK-BR-3 breast cancer cells, 
even in herceptin-resistant cells (Junttila et al., 2009). Thus the substantial decrease in 
AKT activation may point to a constitutively activated PI3-kinase pathway, either 
mediated by the mere existence of increased numbers of HER-receptors, or by HER-
receptor mutations, leading to increased receptor activity, even in the absence of extra-
cellular signals, or the presence of an autocrine signal, produced by SK-BR-3 cells 
themselves. Interestingly treatment with PD98059 increased AKT-phosphorylation 
significantly after treatment with 100 nM insulin for between 5 min and 20 min 
compared to the control without inhibitors. Insulin alone did not increase AKT-
phosphorylation significantly after 10 min or 15 min of treatment. The possible 
explanation could be that RAS’ normal target RAF cannot any longer be activated, as 
PD98059 is inhibiting MEK1/2 phosphorylation. Thus RAS may phosphorylate other 
targets, such as AKT. Consequently it may be suggested that in SK-BR-3 cells, different 
from the other two cell lines, there may be a cross-talk from RAS to AKT and that the 
PI3-kinase pathway is majorly responsible for mediating cell proliferation.  




ERK1/2-phosphorylation is decreased with wortmannin alone and in combination with 
insulin treatment. The insulin-induced decrease in ERK1/2-phosphorylation however 
was no longer observed. Treatment with PD98059 alone also decreased 
ERK1/2-phosphorylation significantly. The insulin-induced decrease in 
ERK1/2-phosphorylation after 5 min treatment with 100 nM insulin was retained in the 
presence of PD98059. The same effect however was no longer observed after 10 min 
and 15 min of insulin treatment in the presence of PD98059.  
 
The effect of cell signalling pathway inhibitors on cell proliferation was not examined 
for SK-BR-3 cells. This assessment however would be interesting after having observed 
the substantial effect of wortmannin on AKT-phosphorylation.  
 
Insulin treatment had no significant effect on the distribution of the cell population 
across the cell cycle stages. There may be a trend that insulin could shift the cell 
population by reducing the G2-population and increasing the G1-population. This may 
indicate an increased progression from the G2-phase into mitosis, thus increasing cell 
cycle progression. This observation however did not reach statistical significance.  
 
3.4.4 Implications on the understanding of function of cell signalling pathways 
in breast cancer in response to insulin stimulation 
In addition to its normal function of glucose transport, several studies have indicated an 
involvement of the PI3-kinase pathway in cancer aetiology and progression (Brader and 
Eccles, 2004; Fresno Vara et al., 2004; McCubrey et al., 2006; Scheid and Woodgett, 
2001b). The activation of PI3-kinase pathway involves nuclear translocation of AKT 
(Meier and Hemmings, 1999). AKT is an extraordinary versatile kinase affecting 




multiple downstream targets. Besides its effects on glucose metabolism, such as GSK3 
activation (Cross et al., 1995) and GLUT4 activation (Kohn et al., 1996), AKT 
activation induces different cell survival mechanisms necessary for tumour survival 
(Testa and Bellacosa, 2001; see section 1.6.1). The here presented results indicate that 
in all three examined cell lines normal insulin signalling, i.e. increased phosphorylation 
of AKT, is intact (Figure 3-6). Activation of AKT in MDA-MB-231 cells was higher 
and more sustained than in the other two cell lines. There may be several explanations 
for this observation. While AKT gene mutations have not been reported, AKT gene 
amplifications are common in breast and ovarian cancer (Bellacosa et al., 1995; Cheng 
et al., 1996). Similarly, phosphatase and tensin homologue deleted on chromosome 10 
(PTEN) is the complementary phosphatase to PI3-kinase. It de-phosphorylates PIP3 to 
become PIP2 (see Figure 1-4). PTEN is known as a tumour suppressor gene (Lu et al., 
1999; Weng et al., 1999) and is frequently mutated in breast cancer (Hollestelle et al., 
2007). Moreover carriers of PTEN germ-line mutations have a notably higher risk of 
developing breast cancer (Simpson and Parsons, 2001). While PTEN is not mutated in 
MDA-MB-231 cells (Hollestelle et al., 2007), either of the two mechanisms, 
amplification of AKT and/or suppression of PTEN, may be mechanisms explaining the 
increase in AKT activation after insulin treatment observed in MDA-MB-231 cells. 
Additionally the increased activation of AKT may be a trickle-down effect of the 
increased phosphorylation of IR in MDA-MB-231 breast cancer cells.  
 
The activation of AKT after insulin treatment supports the finding of increased IR 
phosphorylation, which is a feature that in MDA-MB-231 breast cancer cells had not 
been observed previously (Costantino et al., 1993). Examination of insulin-induced 




activation of AKT in the presence of wortmannin indicated PI3-kinase-specific 
activation of AKT. Interestingly MEK1/2 inhibition did not decrease AKT activation in 
all cell lines. In SK-BR-3 cells, in particular, MEK1/2 inhibition increased insulin-
induced phosphorylation of AKT (Figure 3-9, A). The cross-talk between RAS and 
PI3-kinase is well known. So it may be that inhibiting a RAS downstream target, 
MEK1/2, diverts RAS kinase activity to secondary substrates such as PI3-kinase, which 
in turn increases AKT activation. 
 
Similarly to the PI3-kinase pathway, the MAP-kinase pathway has received increased 
attention in mediating many cancer-specific signals of growth and mitogenic factors. Its 
involvement in cancer aetiology and progression has been extensively reviewed 
(McCubrey et al., 2007; Reddy et al., 2003; Santen et al., 2002). None of the insulin 
induced increases in ERK1/2 activation have been observed if PD98059 was present in 
any cell line, indicating that insulin-induced ERK1/2 activation in MDA-MB-231 cells 
and MCF-10A cells is exclusively MEK1/2 dependent. Additionally inhibition of 
PI3-kinase with wortmannin also decreased ERK1/2 activation in these cells, indicating 
that additionally insulin-induced ERK1/2 activation is dependent at least in part on 
intact PI3-kinase signalling. It is routinely observed that RAS can activate PI3-kinase 
(Rodriguez-Viciana et al., 1994; Yan et al., 1998). A reverse mechanism is however not 
well documented. Nonetheless one study reported on AKT-induced RAF/MEK/ERK 
mediated Bad and caspase-9 phosphorylation (Cardone et al., 1998). This however only 
allows an explanation for the observed decrease, if insulin-induced activation of 
ERK1/2 is exclusively dependent on PI3-kinase activity. An inhibition of PI3-kinase 
with wortmannin would only affect ERK1/2 activation, if IR and/or IRS fail to activate 




RAS in response to insulin stimulation. Unfortunately with the present results this 
cannot be evaluated, however as the activation of RAS by IR and IRS is well-supported 
by the literature (White and Kahn, 1994) it seems unlikely to have failed in 
MDA-MB-231 cells and MCF-10A cells. Another explanation may be that the 
wortmannin concentration used was cytotoxic and instead of merely inhibiting PI3-
kinase signalling, it destroyed the cells itself. In fact cell proliferation was decreased 
with wortmannin treatment alone, but only in MCF-10A cells (Figure 3-10). Likewise 
PD98059 alone decreased cell proliferation in MCF-10A cells, but did not inhibit cells 
to activate AKT (Figure 3-10). Hence the cytotoxic potential of the used wortmannin 
concentration may be negligible. Thus a cross-talk from AKT to RAS or RAF seems the 
most likely explanation of the observed findings, which would be a novel mechanism of 
insulin signalling in breast cancer cells and breast epithelial cells. This suggestion needs 
however to be validated by additional investigations into the exact mechanism by which 
PI3-kinase may mediate insulin induced activation of ERK1/2.  
 
3.4.5 Rationale for the approach 
Measuring cell proliferation is accessible by a number of ways: cell count, 
[
3
H]-thymidine incorporation, MTT-assay amongst others. In the here presented study 
BrdU-incorporation was chosen. It is the non-radioactive equivalent of [
3
H]-thymidine 
incorporation. It allowed for measurement of DNA-replication, which was thought to be 
the best measure of cell proliferation for the study presented here. It also had the 
advantage of not requiring the handling of radioactive material and did not require a 
scintillator.  
 




Immunoprecipitation was initially used to assess IR-phosphorylation before it was 
decided to use the in vitro kit instead. The reason for change in this approach was an 
inability to successfully isolate the IR-protein using immunoprecipitation. The in vitro 
kit worked essentially on the same theoretical basis as immunoprecipitation and 
delivered reproducible results. 
 
Similarly it was initially attempted to detect ERK1/2-phosphorylation using western 
blotting, which yielded quantifiable results (see section 7.3.2). However using this 
approach for the detection of AKT-phosphorylation, it was not possible to identify 
AKT-protein. Instead it was decided to use commercial in vitro kits for detection of 
phosphorylation of both proteins, which yielded good reproducibility. 
 
The used insulin concentration was higher than physiological concentrations (100 nM 
vs. <0.8 nM). This concentration was chosen by a number of previous investigators, 
who intended similar investigations (see sections 3.1 and 3.4). It was also not intended 
to re-create a physiological environment, but rather an examination of the specific 
effects insulin had on the cell culture system. In order to maximise this effect, a high 
insulin concentration seemed appropriate.  
 
3.5 Summary 
The effects of insulin on MDA-MB-231 cells generally indicate a potential for cancer 
progression in these cells. These cells overexpress the IR and, as a result, show highly 
increased IR-phosphorylation upon insulin stimulation. Insulin increases activation of 
major cell signalling pathways and cell cycle progression, it lacks however the potential 




to increase cell proliferation. Similarly cell signalling pathways are increased in MCF-
10A cells, but with no observed change in cell cycle progression. Additionally cell 
proliferation was significantly increased in these cells with insulin, suggesting that 
insulin acts as a mitogen on these cells. SK-BR-3 cells showed a contradictory reaction 
to insulin treatment. IR phosphorylation increased, resulting in an increase in PI3-kinase 
cell signalling activation. Cell proliferation was however not affected by insulin 
treatment. A significant finding was the drastic decrease in AKT-phosphorylation after 
wortmannin treatment, indicating a constitutively activated PI3-kinase pathway in these 
cells, probably caused by HER2 overexpression, or by a yet unidentified autocrine 
signalling mechanism. Another surprising finding was the significant and sustained 
increase in AKT-phosphorylation after MAP-kinase inhibition. Furthermore 
MAP-kinase activation was decreased after insulin treatment, which is unexpected. 
More surprise comes from the finding that ERK1/2-phosphorylation is decreased with 
insulin treatment even when MEK1/2 is inhibited, indicating that insulin treatment may 
reduce ERK1/2-phosphorylation in a MEK1/2 independent manner. Thus insulin acts 
differently on the three examined cell lines with no clear distinction between cancer 
cells and non-cancer cells. Insulin may be a major affector of the signalling pathways 
within the cells. Both PI3-kinase and MAP-kinase cell signalling pathways are affected 








In this chapter the effect of leptin on several molecular markers in MDA-MB-231 breast 
cancer cells, MCF-10A breast epithelial cells and SK-BR-3 breast cancer cells is 
presented. It was aimed to determine the effect of leptin on cell proliferation, activation 
of PI3-kinase and MAP-kinase cell signalling pathways and cell cycle progression in 
this cell culture system. 
 
4.1 Introduction 
Leptin is a hormone linked to body weight homeostasis in mammals. It is a 16 kDa 
peptide hormone identified as the product of the obese gene, first described in 
spontaneous obese mice strains (Ingalls et al., 1950), and subsequently cloned in mice 
and humans (Zhang et al., 1994). Its production was initially thought to be exclusive to 
adipocytes, but was subsequently found to be secreted by a number of other cell types, 
including breast epithelial cells (Margetic et al., 2002). Adipocyte secretion of leptin 
however is the major source for circulatory leptin and provides a quantitative measure 
of body fatness. After the discovery of leptin it was found that serum leptin 
concentrations were ~7.5 ng/ml (0.47 nM) in normal weight individuals 
(BMI<27.3 kg/m
2
 for men and <27.8 kg/m
2
 for women) and ~31.3 ng/ml (1.96 nM) in 
obese
1
 individuals, thus leptin concentrations are increased in obese individuals and 
leptin concentrations correlate positively with BMI (Considine et al., 1996). 
Additionally to the primary function of body weight homeostasis, it was observed that 
leptin exerts a number of additional functions, including a role in immune response 
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 This study used a BMI cut-off point of 27.3 kg/m
2
 for men and 27.8 kg/m
2
 for women to 
distinguish between normal weight and obese, thus slightly below the now accepted cut off 
point of 30 kg/m
2






(Lord et al., 1998), angiogenesis (Sierra-Honigmann et al., 1998) and reproduction 
(Masuzaki et al., 1997). Leptin was also found to play a role in puberty and sexual 
maturation in women, including breast development (Kiess et al., 1999; Neville et al., 
2002). The combination of increased leptin levels in the obese and its involvement in 
breast development and reproduction has led to the suggestion that leptin may be 
responsible for the increased risk of breast cancer in obese postmenopausal women 
(Surmacz, 2007).  
 
4.1.1 Leptin and leptin receptor (Ob-R) expression in breast cancer cells 
Expression of the leptin receptor (Ob-R) was found in breast tumour samples. 
Additionally only breast tumours expressing Ob-R had metastasised and displayed a 
more malignant phenotype (Ishikawa et al., 2004). Additionally, over 90% of examined 
breast tumours have shown increased expression of leptin, compared to corresponding 
normal epithelial tissue, suggesting the possibility of autocrine leptin signalling in 
breast cancer (Ishikawa et al., 2004). Ob-R was also detected in several breast cancer 
cell lines, including T47-D cells (Hu et al., 2002), MCF-7 cells (Dieudonne et al., 2002) 
and MDA-MB-231 cells (Garofalo et al., 2006). Additionally leptin mRNA was 
detected in all three cell lines. Leptin mRNA was also detected in MCF-10A normal 
breast epithelial cells (O'brien et al., 1999). The presence of Ob-R in this cell line 
however was not established. Leptin expression is under the control of the HIF-1 
transcription factor (Ambrosini et al., 2002; Grosfeld et al., 2002), which is activated by 
hypoxia. In chapter 1 hypoxia was introduced as being a possible cause for increased 
leptin secretion from obese adipocytes (section 1.1.4.3). Similarly hypoxia is of major 





Thus increased leptin expression in tumours may be a product of this phenomenon. 
Alternatively leptin expression in cancer cells may be increased in breast cancer cells by 
hyperinsulinaemia and insulin resistance as insulin induced gene and protein expression 
of leptin in MDA-MB-231 breast cancer cells (Bartella et al., 2008).  
 
An interesting set of experiments further emphasised the role of leptin and its receptor 
in breast cancer aetiology. In db/db (homozygous deletion of the Ob-R gene) and ob/ob
2
 
(homozygous deletion of the leptin gene) mice, virus-induced mammary cancer failed to 
develop in either mouse strain, but developed readily in non-mutagenic comparison 
strains (Cleary et al., 2003; Cleary et al., 2004). This finding suggests that leptin 
signalling may be necessary for the initiation of breast cancer development in mice. 
Thus a possible theory of leptin’s involvement could include an initiation phase in 
which high leptin concentrations, as found in obese individuals, may promote or 
facilitate breast cancer aetiology (see also section 8.5). This may be a potential 
explanation for the growth of triple negative breast cancer, which manages to survive 
without expressing any of the three common growth receptors (ER, HER2-receptor and 
the progesterone receptor), and thus evading common anti-cancer treatments (Irvin and 
Carey, 2008). A recent study also added to this assertion by demonstrating that 
overweight and obesity are risk factors for the development of triple-negative breast 
cancer (Trivers et al., 2009). 
 
                                                 
2
 The ob-gene codes for the leptin protein, while the db-gene codes for the leptin-receptor 
protein (Ob-R) in mouse genetics. Mutations in these genes result in mice either being deficient 
of leptin (ob/ob-mice) or without functioning leptin-receptor (db/db-mice). Both mutations lead 
to disruption in intra-cellular leptin signalling and to phenotypically obese and diabetic mice. 





4.1.2 Leptin and breast cancer cell proliferation 
Several studies have examined the effect of different concentrations of leptin on cell 
proliferation in different breast cancer cells. Leptin treatment (20 nM (320 ng/ml) or 
50 nM (800 ng/ml), 24 h) significantly increased cell proliferation ([
3
H]-thymidine 
incorporation) in ER-positive MCF-7 breast cancer cells (Dieudonne et al., 2002). 
Treatment with 50 ng/ml (3.125 nM), 100 ng/ml (6.25 nM) or 1000 ng/ml (62.5 nM) 
leptin for 24 h significantly increased 
3
H-thymidine incorporation in T47D breast cancer 
cells and 100 ng/ml (6.25 nM) and 1000 ng/ml (62.5 nM) leptin also significantly 
increased Formazan production of MTT, indicating that high leptin concentrations are 
able to stimulate cell proliferation in T47D breast cancer cells (Laud et al., 2002). 
Leptin treatment also affected cell numbers in MDA-MB-231 and SK-BR-3 breast 
cancer cells (Ray et al., 2007). Cell numbers in MDA-MB-231 breast cancer cells 
significantly increased after 24 h or 48 h treatment with 50 ng/ml (3.125 nM) or 
100 ng/ml (6.25 nM) leptin, following incubation in serum-free medium for 18 h (Ray 
et al., 2007). Ray and colleagues (2007) also observed a positive relationship between 
PCNA protein expression, a marker of cell proliferation, and increasing leptin 
concentrations (5 ng/ml (0.31 nM), 10 ng/ml (0.63 nM), 25 ng/ml (1.6 nM), 50 ng/ml 
(3.13 nM), and 100 ng/ml (6.25 nM)) in MDA-MB-231 breast cancer cells. These 
authors did not comment however, if their treatment significantly increased PCNA 
expression, but rather reported on observed trends. Cell numbers in SK-BR-3 breast 
cancer cells were significantly increased after both 24 h and 48 h leptin treatments with 
5 ng/ml (0.31 nM), 10 ng/ml (0.63 nM), 25 ng/ml (1.6 nM) and 50 ng/ml (3.13 nM) 
leptin (Ray et al., 2007). Leptin treatment (25 ng/ml (1.56 nM) or 125 ng/ml (7.81 nM), 





(Chen et al., 2006a). Additionally increased cell proliferation was also observed in 
MDA-MB-231
3
 breast cancer cells after 40 ng/ml (2.5 nM) leptin treatment for 48 h 
(Frankenberry et al., 2006). Thus there is evidence suggesting a proliferative effect of 
leptin on breast cancer cells. No results on the effect of leptin on breast epithelial cells 
however have been reported, which will be added to in the study presented here. 
 
4.1.3 Leptin and cell signalling pathways 
In human breast cancer cells, leptin can activate a possible three different cell signalling 
pathways: the Janus–activated kinase 2/signal transducers and activators of 
transcription 3 (JAK2/STAT3) pathway, the MAP-kinase pathway and the PI3-kinase 
pathway (Cirillo et al., 2008).  
 
JAK2 inhibitor AG940 inhibited leptin-induced cell proliferation of ZR-75-1 breast 
cancer cells, suggesting the JAK2/STAT3 cell signalling pathway may contribute in 
leptin mediated cell proliferation (Chen et al., 2006a). Similarly in MCF-7 breast cancer 
cells, AG940 inhibited leptin-induced cell cycle progression (Saxena et al., 2007b). 
Additionally a leptin-induced increase in cell proliferation of MCF-7 cells was inhibited 
by AG940 treatment (Yin et al., 2004). Others also found an activation of STAT3 with 
20 nM (320 ng/ml) leptin treatment in MCF-7 cells (Dieudonne et al., 2002). It was also 
noted that STAT3 was responsible for leptin-induced expression of survivin, an 
anti-apoptotic protein, after treatment with 10 nM leptin for 24 h in MCF-7 cells (Jiang 
et al., 2008). In MDA-MB-231 breast cancer cells, 100 ng/ml (6.25 nM) leptin 
                                                 
3
 Frankenberry and colleague (2006) use the term “HTB-26 cells” in reference to the ATCC 
catalogue number for MDA-MB-231 breast cancer cells. Other researchers have cited 
Frankenberry and colleague’s (2006) use of HTB-26 as referring to MDA-MB-231 breast 





treatment increased significantly the phosphorylation of STAT3 and increased 
expression of JAK2 after 24 h leptin treatment in SK-BR-3 breast cancer cells and 
increased expression and phosphorylation of STAT3 in MCF-7 cells (Ray et al., 2007). 
Activation of the MAP-kinase cell signalling pathway with leptin treatment was 
observed in MCF-7 breast cancer cells, where 1000 ng/ml (62.5 nM) leptin treatment 
for 48 h significantly increased ERK1/2-phosphorylation (Catalano et al., 2004). 
Inhibition of the MAP-kinase pathway using 10 μM PD98059 blocked the leptin 
induced (100 ng/ml (6.25 nM, 6 days) increase in cell proliferation (MTT-assay) in 
ZR-75-1 breast cancer cells (Chen et al., 2006a). Others also observed activation of 
ERK1/2 with 20 nM (320 ng/ml) leptin treatment in MCF-7 cells (Dieudonne et al., 
2002). Furthermore the MAP-kinase pathway was also activated in the T47-D breast 
cancer cell line and was also found to mediate leptin-induced cell proliferation of 
1000 ng/ml (62.5 nM) leptin treatment for 24 h (Laud et al., 2002). Additionally 
treatment with 80 ng/ml (5 nM) leptin significantly increased MAP-kinase activation in 
ZR-75-1 breast cancer cells (Frankenberry et al., 2006). 
 
In ZR-75-1 breast cancer cells 80 ng/ml (5 nM) leptin treatment increased activation of 
the PI3-kinase pathway. Inhibition of PI3-kinase with wortmannin additionally inhibited 
leptin-induced cell proliferation (Frankenberry et al., 2006). Chen and colleagues 
(2006a) also found that PI3-kinase inhibition, using 200 nM wortmannin, blocked 
leptin-induced (100 ng/ml (6.25 nM), 6 days) cell proliferation (MTT-assay) in ZR-75-1 
breast cancer cells. In MCF-7 and SK-BR-3 breast cancer cells, 100 ng/ml (6.25 nM) 






4.1.4 Leptin and cell cycle progression 
Leptin increased cell cycle progression in several breast cancer cell lines. In ZR-75-1 
breast cancer cells, 100 ng/ml (6.25 nM) leptin treatment increased expression of cyclin 
D1, a protein involved in mediating cell cycle progression across the G1/S cell cycle 
checkpoint (Chen et al., 2006a). Similarly cell population in S-phase and cyclin D1 
expression were increased after 100 ng/ml (6.25 nM) leptin treatments for 24 h in 
MCF-7 breast cancer cells compared to untreated cells (Saxena et al., 2007b). 
Additionally, gene expression of cell cycle proteins cyclin D1, cyclin G and CDK-2 was 
increased in response to 500 ng/ml (31.25 nM) leptin treatment in MCF-7 cells (Perera 
et al., 2008). In MDA-MB-231 cells 100 ng/ml (6.25 nM) leptin treatment for 24 h also 






4.2 Materials and Methods 
4.2.1 Cell lines and leptin treatment 
MDA-MB-231, MCF-10A and SK-BR-3 cells were cultured and treated as described in 
Materials and Methods sections 2.1.1 and 2.1.2. Formulation of leptin treatment 
medium and final leptin treatment concentration is described in Materials and Methods 
section 2.1.3.2.  
 
4.2.2 Cell proliferation assay 
The cell proliferation assay was performed as described in section 3.2.2, with the 
exception that for a 48 h experiment, 10 μM/well BrdU was added at the beginning of 
the 48 h incubation instead of only for the last 24 h. There were no alterations for a 24 h 
experiment. Four experiments were performed for MDA-MB-231 cells, MCF-10A cells 
and SK-BR-3 cells each. Each experiment contained six replicate wells for each 
treatment. Subsequently a range of leptin concentrations were tested and made by 
adding 200 μl of 1 μM (16000 ng/ml) to 4 ml serum-free medium, resulting in 50 nM 
(800 ng/ml) leptin. The remaining concentrations were obtained through 1-in-2 serial 
dilution from 800 ng/ml to 400 ng/ml to 200 ng/ml to 100 ng/ml to 50 ng/ml to 
25 ng/ml to 12.5 ng/ml to 6.25 ng/ml leptin (see Table 4-1 for corresponding molar 
concentrations). Two experiments examining the effect of the leptin concentrations 
range on cell proliferation in all three cell lines were performed. During each 
experiment, each leptin concentration and the control was performed in six replicates. 
 
Table 4-1: Leptin concentrations used to assess cell proliferation and corresponding unit 
conversion, assuming leptin as 16 kDa protein. 
Leptin concentration [ng/ml] 6.25 12.5 25 50 100 200 400 800 1600 






4.2.3 Cell signalling pathway assays 
The cell signalling pathways were analysed as described in section 3.2.5 but with 100 
nM leptin as treatment medium. Two experiments examining AKT-phosphorylation 
after leptin treatment each with two replicates for control and each treatment time-point 
were performed for MDA-MB-231 cells and MCF-10A cells. Three experiments were 
performed for SK-BR-3 cells. ERK1/2-phosphorylation was assessed in two 
experiments for MDA-MB-231 cells and SK-BR-3 cells, and in three experiments for 
MCF-10A cells. 
 
4.2.4 Cell cycle analysis by flow cytometry 
Changes in the cell distribution across cell cycle stages was assessed as described in 
section 3.2.6 but with 100 nM leptin as treatment medium. Three experiments were 






4.3.1 Effect of leptin treatment on cell proliferation 
Cell proliferation of all cell lines was assessed after 100 nM leptin treatment for 24 h or 
48 h. Untreated control cells were incubated in serum-free medium (Control) at all 
times. All results are presented as percentage change from this control.  
 
In MDA-MB-231 breast cancer cells, cell proliferation increased by 21% after 24 h 
(p<0.001) treatment with 100 nM leptin. Cell proliferation did not change significantly 
after 48 h of leptin treatment (Figure 4-1, A).  
 
In MCF-10A normal breast epithelial cells, cell proliferation did not change 
significantly after 24 h treatment with 100 nM leptin. Cell proliferation increased 
significantly by 14% after 48 h (p=0.013) treatment with 100 nM leptin (Figure 4-1, B).  
 
In SK-BR-3 breast cancer cells, cell proliferation increased non-significantly by 17% 
after 24 h (p=0.157) treatment with 100 nM leptin. Cell proliferation did not change 































































































Figure 4-1: Changes in cell proliferation after treatment with 100 nM leptin for 24 h or 48 h in 
A) MDA-MB-231breast cancer cells (blue), B) MCF-10A breast epithelial cells (red) and C) 
SK BR-3 breast cancer cells (green). Bars represent BrdU-incorporation in relation to the 
respective control within each graph and are expressed as a percentage thereof. Error bars 
represent ± SEM of three experiments, each consisting of six replicates, i.e. 18 data points for 
each bar. 
* Significance value compared to control, obtained using One-way ANOVA analysis 





4.3.2 Effect of a range of leptin concentrations on cell proliferation 
Cell proliferation of all cell lines was assessed after leptin treatment with several 
concentrations (see Table 4-1) for 24 h or 48 h. Untreated control cells were incubated 
in serum-free medium (Control) at all times. All results are presented as percentage 
change from this control. 
 
In MDA-MB-231 breast cancer cells cell proliferation did not change significantly with 
any of the examined leptin concentration after 24 h treatment compared to untreated 
control (Figure 4-2, A). Cell proliferation significantly decreased by 11% after 
treatment with 400 ng/ml (p=0.023) leptin and by 26% after treatment with 800 ng/ml 
(p<0.001) leptin treatment for 48 h compared to untreated control (Figure 4-2, B). Cell 






















































Figure 4-2: Changes in cell proliferation after treatment with a range of leptin concentrations as 
indicated for A 24 h and B 48 h in MDA-MB-231 breast cancer cells. Bars represent BrdU-
incorporation in relation to the respective control within each graph and are expressed as a 
percentage thereof. Error bars represent ± SEM of two experiments, each consisting of six 
replicates, i.e. 12 data points for each bar. 
* Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 





In MCF-10A breast epithelial cells, cell proliferation increased significantly by 19% 
after treatment with 6.25 ng/ml leptin (p=0.048) and decreased significantly by 25% 
after treatment with 800 ng/ml leptin (p=0.006) for 24 h compared to control (Figure 
4-3, A). Cell proliferation increased by 14%, 14% and 17% after treatment with 
12.5 ng/ml (p=0.047), 50 ng/ml (p=0.036) and 100 ng/ml (p=0.006) leptin for 48 h, 






















































Figure 4-3: Changes in cell proliferation after treatment with a range of leptin concentrations as 
indicated for A 24 h and B 48 h in MCF-10A breast epithelial cells. Bars represent BrdU-
incorporation in relation to the respective control within each graph and are expressed as a 
percentage thereof. Error bars represent ± SEM of two experiments, each consisting of six 
replicates, i.e. 12 data points for each bar. 
* Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 





In SK-BR-3 breast cancer cells cell proliferation increased significantly by 61%, 96%, 
104%, 115%, 115%, 110% and 51% after treatment with 6.25 ng/ml, 12.5 ng/ml, 
25 ng/ml, 50 ng/ml, 100 ng/ml, 200 ng/ml and 400 ng/ml leptin for 24 h (all p-values 
<0.001), respectively compared to control (Figure 4-4, A). After 48 h treatment cell 
proliferation increased significantly by 44%, 53%, 53%, 69%, 75%, 69%, 52% and 33% 
after treatment with 6.25 ng/ml, 12.5 ng/ml, 25 ng/ml, 50 ng/ml, 100 ng/ml, 200 ng/ml, 
400 ng/ml (all p-values <0.001) and 800 ng/ml (p=0.009) leptin treatment for 48 h, 



























































Figure 4-4: Changes in cell proliferation after treatment with a range of leptin concentrations as 
indicated for A 24 h and B 48 h in SK-BR-3 breast cancer cells. Bars represent BrdU-
incorporation in relation to the respective control within each graph and are expressed as a 
percentage thereof. Error bars represent ± SEM of two experiments, each consisting of six 
replicates, i.e. 12 data points for each bar. 
* Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 





4.3.3 Effect of leptin treatment on activation of downstream cell signalling 
pathways 
Phosphorylation of AKT or ERK1/2, representative of activation of the PI3-kinase or 
MAP-kinase cell signalling pathway, respectively, was measured after treatment with 
100 nM leptin for between 5-20 min (Figure 4-5). Untreated control cells were 
incubated in serum-free medium (Control) at all times. All results are presented as 
percentage change from this control. 
 
In MDA-MB-231 cells, AKT-phosphorylation did not change significantly after 
treatment with 100 nM leptin for 5 min, 10 min, 15 min or 20 min compared to control 
(Figure 4-5, A). Phosphorylation of ERK1/2 did not change significantly after 5 min 
and 10 min treatment with 100 nM leptin. ERK1/2-phosphorylation decreased 
significantly by 17% and 20% after 15 min (p=0.026) and 20 min (p=0.011) treatment 
with 100 nM leptin, respectively compared to control (Figure 4-5, B).  
 
In MCF-10A cells AKT-phosphorylation did not change significantly after treatment 
with 100 nM leptin for 5 min, 10 min, 15 min or 20 min compared to control (Figure 
4-5, C). Phosphorylation of ERK1/2 increased non-significantly by 42% after 5 min 
(p=0.151) treatment with 100 nM leptin compared to control. ERK1/2-phosphorylation 
increased significantly by 78%, 75% and 58% after 10 min (p=0.005), 15 min (p=0.007) 
or 20 min (p=0.035) treatment with 100 nM leptin, respectively, compared to control 
(Figure 4-5, D).  
 
In SK-BR-3 cells AKT-phosphorylation did not change significantly after treatment 





4-5, E). Phosphorylation of ERK1/2 did not change significantly after 5 min treatment 
with 100 nM leptin compared to control. ERK1/2-phosphorylation decreased however 
significantly by 32% and 34% after 10 min (p<0.001) and 15 min (p<0.001) treatment 
with 100 nM leptin, respectively, compared to control. After treatment with 100 nM 
leptin for 20 min, ERK1/2-phosphorylation was not significantly different from control 


















































































































































































Figure 4-5: Changes in cell signalling pathway activation (PI3-kinase (A, C, E), MAP-kinase 
(B, D, F)) with 100 nM leptin treatment in A, B) MDA-MB-231 breast cancer cells, C, D) 
MCF-10A breast epithelial cells and E, F) SK-BR-3 breast cancer cells. Bars represent AKT-
phosphorylation or ERK1/2-phosphorylation in relation to the respective control within each 
graph and are expressed as a percentage thereof. Error bars represent ± SEM of three 
experiments, each consisting of two replicates, i.e. six data points for each bar. 
* Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 





4.3.4 Effect of leptin treatment on breast cancer cell cycle progression  
Cell cycle profiles for all cell lines were established after treatment with 100 nM leptin 
for 24 h. One initial experiment each was also performed after 3 h and 6 h of treatment 
with 100 nM leptin (data not shown), which did not indicate a significant change and 
these incubation times were not further pursued. The controls are the same as described 
in section 3.3.5. Leptin treatment for 24 h did not change the distribution of cell cycle 
stages in any of the examined cells compared to control. In all stages (including sub G1) 
no significant difference between leptin treatment and untreated control cells was 
observed. Several non-significant trends were however observed.  
 
In MDA-MB-231 cells 100 nM leptin treatment increased subG1-phase population at 
the expense of G1, which were non-significantly different to control (Figure 4-6, A). 
SubG1-phase was increased by 1.2 percentage points (a 7% increase), G1 was decreased 
by 1.0 percentage point (a 2% decrease). 
 
In MCF-10A cells 100 nM leptin treatment decreased subG1-phase population and 
non-significantly increased the S-phase population by 0.3 percentage points (a 20% 
increase) (Figure 4-6, B).  
 
In SK-BR-3 cells 100 nM leptin treatment may increase the G1-phase population and 
decrease the G2-phase population (Figure 4-6, C). Cells in G1-phase increased 
non-significantly by 4.5 percentage points (an 11% increase) and cells in G2-phase 


































































































Figure 4-6: Changes of cell population distribution across cell cycle stages after 24 h treatment 
with 100 nM leptin in A) MDA-MB-231 cells, B) MCF-10A cells and C) SK-BR-3 cells. Bars 
represent percentage of cells as obtained from a 10000 cell sample obtained, treated and 
analysed as described in section 2.8.1. Error bars represent ± SEM of three experiments with 






4.4.1 Effect of leptin treatment on human MDA-MB-231 breast cancer cells  
In MDA-MB-231 breast cancer cells leptin treatment increased cell proliferation 
significantly after 24 h treatment with 100 nM leptin, but not after 48 h (Figure 4-1, A). 
At lower concentrations however cell proliferation did not increase after 24 h treatment 
and decreased after 48 h treatment (Figure 4-2). Conversely, Ray and colleagues (2007) 
observed an increase in proliferation after treatment with 50 ng/ml (3.125 nM) and 
100 ng/ml (6.25 nM) leptin for 24 h. These authors also observed increased cell 
proliferation after 48 h treatment. Likewise Frankenberry and colleagues (2006) 
observed an increase in proliferation after 48 h treatment with 40 ng/ml (2.5 nM) 
compared to cells grown in full growth medium, corresponding to “unsynchronised” 
cells. Both these studies observed increased cell proliferation in MDA-MB-231 breast 
cancer cells at low leptin concentrations, which was not observed in the study presented 
here, where an increase at high leptin concentration after 24 h treatment was observed. 
There were some methodological differences between these two published studies and 
the study presented here. The study presented here used BrdU-incorporation, i.e. rate of 
DNA synthesis, while Ray and colleagues (2007) used cell counts, i.e. cell cycle 
progression and Frankenberry and colleagues (2006) used MTT, i.e. metabolic rate. 
Frankenberry and colleagues’ (2006) treatment medium also contained serum4, which 
further hinders direct comparison of their results to the study presented here. This 
difference may explain the difference in them observing cell proliferation increases at 
low leptin concentrations, while the study presented here observed cell proliferation 
increases at high leptin concentrations. Thus results from the study presented here and 
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 Treatment was however preceded by 20 h incubation in serum-free medium, before the 





previously published studies indicate that leptin is a significant growth factor able to 
modify and accelerate cell growth in MDA-MB-231 breast cancer cells. Different from 
insulin, high leptin concentrations increased cell proliferation in these cells. Taken the 
results presented in the following chapters into consideration, high leptin concentrations 
were the only treatment that increased cell proliferation in MD-MB-231 breast cancer 
cells, suggesting that leptin may be an important mitogenic factor for these cells. At 
400 ng/ml and 800 ng/ml leptin treatment however cell proliferation decreased 
significantly after 48 h treatment, thus the proliferative effects of leptin manifest within 
the first 24 h of treatment. Interestingly the findings by Ray and colleagues (2007), 
where low leptin concentrations increased proliferation, are not supported by the 
findings in the study presented here. Thus the results observed in the here presented 
study are not unanimously supporting a proliferative effect of leptin on MDA-MB-231 
breast cancer cells. The observed changes in cell proliferation are small, thus the 
physiological effect of leptin on these cells may be negligible.  
 
In MDA-MB-231 breast cancer cells, AKT-phosphorylation did not change in response 
to 100 nM leptin treatment for between 5-20 min (Figure 4-5, A). It has been suggested 
that leptin can activate the PI3-kinase cell signalling pathway in prostate cancer cells 
(Hoda and Popken, 2008) and colon cancer cells (Hoda et al., 2007; Ogunwobi and 
Beales, 2007). In the study presented here, leptin did not increase AKT-phosphorylation 
in MDA-MB-231 breast cancer cells. Frankenberry and colleagues (2006) however 
observed increases in AKT-phosphorylation in MDA-MB-231 breast cancer cells after 
4 h treatment with 4 ng/ml (0.25 nM) leptin using western blotting and antibodies 





here are the timepoint (20 min vs. 4 h) and the treatment concentration (100 nM vs. 
0.25 nM), which could explain the difference in observation. In the study presented here 
the chosen times were used in concordance with the findings of chapter 3, where 
AKT-phosphorylation reached its maximum within the first ten minutes of treatment 
(see section 3.3.3.1). Frankenberry and colleagues (2006) also observed an increase in 
phosphorylated AKT after 30 min of treatment with 40 ng/ml leptin (2.5 nM) with a 
maximum at 2 h. Different from insulin, AKT may not be a primary target for leptin 
signalling in MDA-MB-231 breast cancer cells. Regarding the treatment concentration, 
Frankenberry and colleagues (2006) observed an increase in phosphorylated AKT at 
leptin concentrations of 4 ng/ml (0.25 nM), 40 ng/ml (2.5 nM) and 80 ng/ml (5 nM) 
leptin. Moreover, these authors obtained their results without incubation in serum-free 
medium utilising phospho-AKT and total-AKT specific antibodies in a Western 
Blotting analysis. They also present no statistical analysis of their Western Blotting data 
and did not comment on the reproducibly of these findings. Hence their observed 
increase may not be statistically significant. There is therefore considerable difference 
in the experimental set-up and analysis between the results presented here the results 
presented by Frankenberry and colleagues (2006), which are different in the use of 
incubation in serum-free medium, treatment time, treatment concentration, analysis of 
phosphorylation and data analysis. Hence the finding of Frankenberry and colleagues’ 
(2006) study may not be directly comparable to the here presented results and thus do 
not necessarily contradict the findings presented here. Ray and colleagues (2007) 
measured protein expression of PI3-kinase after leptin treatment (at increasing 
concentrations of 5 ng/ml (0.31 nM), 10 ng/ml (0.63 nM), 25 ng/ml (1.6 nM), 50 ng/ml 





increasing leptin concentrations and did not suggest that AKT protein expression was a 
target for leptin signalling in MDA-MB-231 breast cancer cells and did not examine 
changes in AKT-phosphorylation. 
 
In MDA-MB-231 breast cancer cells, ERK1/2-phosphorylation decreased significantly 
after 15 min and 20 min 100 nM leptin treatment (Figure 4-5, B), suggesting that leptin 
treatment does not activate the MAP-kinase cell signalling pathway and even reduces its 
basal activity. This is a similar finding as observed for the activation of ERK1/2 in 
SK-BR-3 breast cancer cells after insulin treatment, providing the possibility of a 
similar explanation (see section 3.4.3). Alternatively the high leptin concentrations used 
in the study presented here may exert a different effect than initially thought. The high 
leptin concentrations were chosen to maximise any effect leptin may have on the cell 
culture model. It may however be that instead of maximising leptin signalling in these 
cells, high leptin concentrations reduced the activity of their own receptor. A similar 
effect has been observed by leptin decreasing the expression of the adiponectin receptor 
in MDA-MB-231 breast cancer cells (Dos Santos et al., 2008). On the other hand, in 
other studies the MAP-kinase pathway has been described as a target for leptin-induced 
intra-cellular signalling (Fruhbeck, 2006). Frankenberry and colleagues (2006) observed 
an increase in ERK1/2-phosphorylation in MDA-MB-231 breast cancer cells after 
treatment with 4 ng/ml (0.25 nM) leptin for 4 h. Thus the results presented here are not 
supported by results published by others. This may possibly be caused by the high leptin 






Another possible explanation could be that leptin induced cell proliferation in 
MDA-MB-231 breast cancer cells, as observed at 100 nM leptin after 24 h treatment, is 
mediated independently of MAP-kinase pathway activation, possibly through 
JAK2/STAT3. In support of this suggestion, activation of JAK2/STAT3 was observed 
with 20 nM (320 ng/ml) leptin treatment in MCF-7 cells (Dieudonne et al., 2002). 
Leptin-induced activation of JAK2/STAT3 was also observed in endometrial cancer 
cells (Sharma et al., 2006), hepatocellular carcinoma cells (Saxena et al., 2007a) and 
gastric cancer cell (Pai et al., 2005). Activation of JAK2/STAT3 in MDA-MB-231 
breast cancer cells after leptin treatment had not been observed previously and given the 
findings presented here may be a valid target for further investigation. Furthermore cell 
proliferation experiments using PD98059 to inhibit MAP-kinase signalling and AG940 
to inhibit JAK2/STAT3 signalling should help identify the pathway responsible for the 
observed leptin-induced cell proliferation in MDA-MB-231 cells.  
 
The finding that leptin treatment decreases ERK1/2-phosphorylation is interesting as 
prior to leptin treatment, these cells were incubated in serum-free medium for 24 h, 
which is thought to synchronise cell cycle and decrease all cell signalling activities as it 
removes all exogenous factors that could potentially activate cell signalling pathways, 
including the MAP-kinase pathway. Thus, theoretically, after incubation in serum-free 







Consequently any treatment should not be able to decrease phosphorylation even 
further
5
. This was observed however after leptin treatment for ERK1/2-phosphorylation, 
which could only have been the case, if ERK1/2 was still partly phosphorylated after 
incubation in serum-free medium. This in turn requires an exogenous signal to continue 
phosphorylating ERK1/2, which points to autocrine signalling in MDA-MB-231 breast 
cancer cells. Alternatively, ERK1/2 may be aberrantly phosphorylated through mutated 
kinases upstream of ERK1/2. In fact, in MDA-MB-231 breast cancer cells both RAS 
and RAF are mutated and possess constitutively increased kinase activities (Hollestelle 
et al., 2007). This may point to constitutively active MAP-kinase cell signalling in these 
cells, either through aberrant RAS and RAF signalling, or through the presence of 
autocrine signalling (see also section 8.5). Both hypotheses are also supported by the 
finding in section 3.3.4, where inhibition of the MAP-kinase pathway, using PD98059 
alone, decreased cell proliferation significantly. 
 
In MDA-MB-231 breast cancer cells, leptin treatment did not significantly change the 
cell cycle population distribution (Figure 4-6, A). Conversely, Ray and colleagues 
(2007) found an increase in cyclin D1 gene expression after 24 h and 48 treatments with 
increasing concentrations of 5 ng/ml (0.31 nM), 10 ng/ml (0.63 nM), 25 ng/ml 
(1.6 nM), 50 ng/ml (3.13 nM), 100 ng/ml (6.25 nM) leptin, the authors however did not 
quantify this increase. Thus there is no convincing evidence suggesting that leptin 
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 For comparison, optical density of ERK1/2-phosphorylation values (and total ERK1/2 protein 
values) for the control cells, i.e. cells after incubation in serum-free medium, of the three 
different cell lines were 59.0±5.2 (923.5±60.0) for MDA-MB-231 breast cancer cells, 13.3±1.5 
(980.5±89.6) for MCF-10A breast epithelial cells and 24.8±2.3 (880.4±148.4) for SK-BR-3 
breast cancer cells. This indicates that all three cell lines express roughly identical amounts of 






induces cell cycle progression in MDA-MB-231 breast cancer cells. In fact the results 
presented here indicate no effect of leptin on cell cycle progression in these cells. Given 
the generally observed leptin induced increase in cell proliferation however, one is 
inclined to also suspect an increase in cell cycle progression. It is to be remembered that 
cell cycle analysis using PI is a measurement of the amount of cells in each cell cycle 
stage, not a measurement for the speed of transition from one stage to the next. Thus it 
essentially measures the impact leptin treatment has on cell cycle checkpoints. If the 
impact on both checkpoints is exactly equal, the distribution of cells across the stages 
may be unaffected, thus even though the speed may have increased, it cannot be 
observed using DNA staining. Thus the increased attention on leptin as a mediator of 
breast cancer in obese postmenopausal women may be justified and has received further 
validation from the study presented here. The exact molecular effect of leptin in breast 
cancer cells however may be more complex than a straight forward mitogenic effect. 
 
4.4.2 Effect of leptin treatment on human MCF-10A normal breast epithelial 
cells 
Treatment of MCF-10A normal breast epithelial cells with 100 nM leptin did not 
change cell proliferation after 24 h treatment and increased significantly after 48 h of 
treatment (Figure 4-1, B). Cell proliferation however increased with lower 
concentrations of leptin (6.25 ng/ml) after 24 h treatment and with a number of 
additional lower concentrations after 48 h (Figure 4-3). This may indicate that leptin is a 
mitogenic factor for these epithelial cells, but may act slower than insulin, which 
increased cell proliferation rapidly after 24 h. The literature has not provided any similar 
studies yet for this cell line, making the study presented here the first to report on leptin-





line (O'brien et al., 1999), suggesting that these cells have intact leptin signalling, which 
could increase cell proliferation. The increase in proliferation after 48 h treatment with 
100 nM leptin is comparable to the increase in cell proliferation after 24 h in the 
MDA-MB-231 breast cancer cell line (14% increase in MCF-10A cells compared to 
21% in MDA-MB-231 cells), thus suggesting a universal effect of leptin on breast 
epithelial cells and breast cancer cells. This is interesting as it would suggest that leptin 
could be involved in mediating both: increased risk of developing breast cancer and 
increased breast cancer progression in postmenopausal obese women.  
 
In MCF-10A breast epithelial cells, AKT-phosphorylation did not change with 100 nM 
leptin after treatment between 5 min and 20 min. There was however higher variation 
between the repeated experiments resulting in higher standard error values, which may 
have masked a significant change. After 20 min of treatment, for example, 
AKT-phosphorylation was almost 30% higher than at baseline (untreated control, 
Figure 4-5, C). Activation of PI3-kinase cell signalling pathway in MCF-10A breast 
cancer cells cannot therefore confidently be excluded. Hence a further experiment with 
combined treatment of wortmannin and leptin may indicate if PI3-kinase signalling is 
involved in leptin-induced cell proliferation. 
 
In MCF-10A breast epithelial cells, ERK1/2-phosphorylation increased significantly 
after 10 min and remained significantly phosphorylated until 20 min after treatment 
start (Figure 4-5, D). This is the first study to observe an increase in 
ERK1/2-phosphorylation after leptin treatment in MCF-10A breast epithelial cells. 





increase in cell proliferation after 48 h of leptin treatment may be questionable, as there 
was no indication of a leptin induced increase in cell proliferation after 24 h, which may 
be expected, if the MAP-kinase pathway is activated after a relatively short 10 min 
treatment time. Thus either the leptin induced increase in cell proliferation in MCF-10A 
cells after 48 h is caused by a multitude of factors, including activation of the MAP-
kinase and JAK2/STAT3 pathways that only manifest themselves after 48 h treatment 
or the increase in ERK1/2-phosphorylation is unrelated to the increase in cell 
proliferation. Activation of the JAK2/STAT3 pathway after leptin treatment however 
was not investigated. It is more likely that leptin exerts rather weak mitogenic properties 
on MCF-10A cells, given the absence of all the growth factors in MCF-10A cells’ 
normal growth medium (insulin, hydrocortisone, EGF, horse serum). Thus continuous 
activation of ERK1/2 may only achieve significantly increased cell proliferation after 
48 h of treatment, even at high concentrations of 100 nM leptin.  
 
The cell population distribution across the cell cycle stages was not significantly 
affected by leptin treatment in MCF-10A cells (Figure 4-6, B). No comparison to 
published data is available. A non-significant trend for leptin to decrease the sub-G1 
population and increase the S-phase population was observed. This complements earlier 
findings of increased cell proliferation and activation of MAP-kinase cell signalling 
pathways in the study presented here. Further evaluation of cell cycle progression with 
leptin treatment in MCF-10A normal breast epithelial cells may be necessary however 






4.4.3 Effect of leptin treatment on human SK-BR-3 breast cancer cells 
In SK-BR-3 breast cancer cells, 24 h and 48 h treatment with 100 nM leptin did not 
change cell proliferation significantly (Figure 4-1, C). Treatment at lower leptin 
concentrations however showed increased proliferation after both 24 h and 48 h leptin 
treatment (Figure 4-4). Interestingly, cell proliferation in SK-BR-3 breast cancer cells 
did not indicate a dose-response of cell proliferation, but rather indicated an optimum 
leptin concentration of about 100 ng/ml. Both higher and lower leptin concentrations 
did not increase cell proliferation to the level observed at 100 ng/ml. This suggests a 
more complex mode of action of leptin on SK-BR-3 breast cancer cells. The high 
increase in cell proliferation after 24 h and 48 h leptin treatment suggests that leptin acts 
mitogenic in these cells, especially when compared to the results for the other two cell 
lines. Ray and colleagues (2007) also observed a significant increase in cell numbers 
compared to untreated control cells after 24 h and 48 h treatment with 5 ng/ml 
(0.31 nM), 10 ng/ml (0.63 nM), 25 ng/ml (1.6 nM) and 50 ng/ml (3.13 nM) leptin. Thus 
there is evidence that cell proliferation increases in SK-BR-3 breast cancer cells with 
leptin treatment and that the increase of cell proliferation is linear at low leptin 
concentrations (6.25 ng/ml-100 ng/ml) but the increase in cell proliferation decreases 
thereafter.  
 
One may speculate on the observation that high leptin concentrations did not increase 
cell proliferation, but lower leptin concentrations increased cell proliferation 
significantly. If leptin is an important mitogen, it would be expected that cell 
proliferation should increase linearly with increasing concentrations, reaching a plateau 





the baseline of cell proliferation indicates that leptin is not a straight forward mitogen in 
these cells, but that it is affecting at least two opposing mechanisms: one mechanism to 
increase cell proliferation and one to reduce cell proliferation. At low leptin 
concentrations the effect of leptin on the proliferative mechanism prevails, increasing 
cell proliferation with increasing leptin concentrations. At higher leptin concentrations 
(for SK-BR-3 breast cancer cells, the results presented here suggest 100 ng/ml leptin to 
be the turning point), when cell proliferation would be expected to plateau, the 
inhibiting mechanism becomes increasingly prevalent, reducing the increase in cell 
proliferation until it has reached baseline again. From the results presented here, two 
additional observations indicate that at 1600 ng/ml (100 nM) leptin, an inhibitory effect 
on cell proliferation is dominating in SK-BR-3 breast cancer cells. First, 
ERK1/2-phosphorylation decreased significantly with 100 nM leptin after 10 min and 
15 min treatment (Figure 4-5, F). Second, G1-phase population increased 
non-significantly after 24 h treatment with 100 nM leptin (Figure 4-6, C), suggesting 
increased cell cycle arrest after treatment with high leptin concentrations. Additionally, 
another study observed decreased proliferation in T47D breast cancer cells at high leptin 
concentrations (62.5 nM (1000 ng/ml)) (Laud et al., 2002). If further support of this 
explanation is desired, it may be prudent to increase leptin concentrations further in 
order to identify, if the inhibitory mechanism keeps decreasing cell proliferation and 
may even increase apoptotic rate.  
 
It may be that leptin has two opposing effects on its own receptor as suggested for 
MDA-MB-231 breast cancer cells. This could be due to an overload of leptin on the 





molecules are immediately saturated by leptin and are immediately labelled for 
degradation at the proteasome. If normal leptin signalling requires the input of multiple 
leptin receptors, leptin signalling could be seriously impeded. At lower leptin 
concentrations, the receptor is not immediately saturated with leptin, thus the necessary 
number of leptin receptors can accumulate to exert normal leptin signalling. 
Alternatively, the observed increase in cell proliferation may be dependent on an 
Ob-R-HER2 cross-talk, which is inhibited at high leptin concentrations
6
. A 
leptin-HER2-receptor transactivation has been observed in SK-BR-3 cells, to the effect 
that leptin increased HER2-receptor activation (Soma et al., 2008). Additionally in 
MCF-7 cells, which co-expressed Ob-R and HER2, the two receptors would co-localise 
and co-precipitate, indicating that the Ob-R could interact with HER2 signalling in 
response to leptin stimulation (Fiorio et al., 2008). These authors observed that leptin 
treatment (200 ng/ml (12.5 nM)) for 15 min increased HER2 activity (Fiorio et al., 
2008). Furthermore HER2 signalling is mediated by the MAP-kinase cell signalling 
pathway (Kurebayashi, 2001). Thus the observed decrease in MAP-kinase signalling 
may indicate that a possible HER2-Ob-R cross-talk is inhibited at high leptin 
concentrations. From the results presented here and the available literature however 
neither conclusion can be drawn with a high degree of confidence. 
 
In SK-BR-3 cells no significant changes in AKT-phosphorylation after 5 min, 10 min, 
15 min or 20 min of 100 nM leptin treatment was observed (Figure 4-5, E). By 
comparison, Ray and colleagues (2007) observed an increase in the total protein 
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 The SK-BR-3 cell line overexpresses the erbb2 gene product, HER2, which increases cell 
proliferation (Hudziak et al., 1997). The mechanism is similar to that of ER, except that HER2 





expression of PI3-kinase with increasing concentrations of leptin (concentration range 
was between 5 ng/ml (0.31 nM), 10 ng/ml (0.63 nM), 25 ng/ml (1.6 nM), 50 ng/ml 
(3.13 nM) and 100 ng/ml (6.25 nM) leptin). This result was however not quantified, as 
the authors were interested, if protein expression showed a trend with increased leptin 
concentration, which was observed. For determining activation of the PI3-kinase 
pathway by leptin, measuring the phosphorylation of PI3-kinase or AKT would be a 
more valid target. Thus there seems to be no indication in the literature or the study 
presented here that leptin increases phosphorylation of AKT in SK-BR-3 breast cancer 
cells. In the study presented here, AKT-phosphorylation was non-significantly increased 
at all time points, this increase was not linear however (Figure 4-5, E). 
AKT-phosphorylation was equally increased after 5 min and 20 min of treatment, while 
after 10 min and 15 min, the increase was lower. An explanation of the observed 
findings would be that AKT is not a target for leptin signalling, similar to the findings 
observed in MDA-MB-231 breast cancer cells, where the same conclusion was 
suggested. Alternatively, this finding could be caused by the same effect that was 
suggested for cell proliferation, i.e. that high leptin concentrations inhibit cell growth in 
SK-BR-3 breast cancer cells 
 
In SK-BR-3 cells ERK1/2-phosphorylation did not change after 5 min, decreased 
significantly after 10 min and 15 min and did not change after 20 min treatment with 
100 nM leptin (Figure 4-5, F). None of the published studies examining the effect of 
leptin on SK-BR-3 cells investigated a leptin-induced increase in 
ERK1/2-phosphorylation. Thus the here presented observations indicate that leptin 





breast cancer cells. In SK-BR-3 cells however the possibility that this observation is 
caused by mutated upstream kinases can be excluded, as it was observed that SK-BR-3 
cells express wild-type RAS and RAF (Hollestelle et al., 2007). Thus the possibility that 
an exogenous signal is secreted by the SK-BR-3 breast cancer cells themselves is a 
possibility. This would point to the possibility of autocrine signalling in these cells, as 
was similarly suggested for MDA-MB-231 cells. Alternatively, this finding could be 
caused by the inhibitory mechanism that is stimulated in SK-BR-3 breast cancer cells by 
high leptin concentrations as suggested earlier.  
 
In SK-BR-3 cells 24 h treatment with 100 nM leptin did not significantly change the 
distribution of cells across cell cycle stages compared to the untreated control values 
(Figure 4-6, C). A trend for 100 nM leptin to increase the cell population of the 
G1-phase and decrease the G2-phase population was observed. An increase in G1-phase 
may indicate that leptin treatment increases arrest of the cell cycle at the G1/S cell cycle 
checkpoint, which could point to the inhibitory mechanism of high leptin 
concentrations, as suggested earlier. A decrease in G2 could point to an influence of 
high leptin concentrations on the G2/M cell cycle checkpoint. High leptin 
concentrations may need to affect cell cycle only at either checkpoint in order to explain 
the observed findings. If leptin treatment slows cell cycle progression at the G1/S 
checkpoint, more cells are retained in G1-phase and fewer cells enter S-phase and thus 
G2-phase, accounting for both phenomena. Likewise increased passage past the G2/M 
checkpoint would decrease cells retained in G2 and more cells entering mitosis and thus 
G1-phase, where they encounter an intact G1/S checkpoint and accumulate. One can 





leptin, while the second would suggest increased cell cycle progression with leptin 
treatment in SK-BR-3 breast cancer cells. In support of the suggestion that high leptin 
concentrations may act inhibitory on SK-BR-3 cell growth, it could be concluded that 
leptin treatment may indeed act inhibitory on the G1/S cell cycle checkpoint and 
decrease cell cycle progression in SK-BR-3 breast cancer cells. This idea however not 
supported by a statistical significance of this finding.  
 
4.4.4 Rationale for the approach 
The rationale for the chosen experimental methodology is the same as explained in 
section 3.4.5. 
 
The chosen leptin concentration used for the majority of the experiments in the study 
presented here (100 nM (1600 ng/ml)) was higher than physiological concentrations; 
mean leptin concentrations in moderately obese (see footnote 1) individuals were 
31.3 ng/ml (1.96 nM) (Considine et al., 1996). Thus the chosen leptin concentration was 
similarly above the physiological concentration as insulin. Assuming a physiological 
insulin concentration of 0.3 nM (see footnote 1 in chapter 3), the insulin treatment 
concentration was 333-times higher. By comparison the used leptin concentration was 
51-times higher than the mean obese leptin concentration of 31.3 ng/ml. It was again 
not aimed to re-create a physiological environment, but rather to maximise the effect of 
leptin on the cell culture system to identify even small effects of leptin. As the breast 
tissue is largely composed of adipose tissue, the microenvironment of the breast tumour 
may show increased leptin concentrations compared to circulating concentrations. A 





circulating concentrations in the breast tumour microenvironment (van Landeghem et 
al., 1985). In the literature comparable leptin studies in breast cancer cell models use 
less leptin than in the study presented here
7
. In order to investigate, if lower leptin 
concentrations may affect cell proliferation in the used cell culture system a range of 
lower leptin concentrations was also used (6.25 ng/ml-800 ng/ml). For comparison 
significant changes in cell proliferation in MDA-MB-231 cells with 50 ng/ml 
(3.125 nM) leptin after 24 h and 48 h and with 5 ng/ml (0.3125 nM) leptin after 24 h 
and 48 h in SK-BR-3 cells were reported (Ray et al., 2007). Frankenberry and 
colleagues (2006) reported significant increases in cell proliferation in MDA-MB-231 
cells with 40 ng/ml (2.5 nM) leptin treatment for 48 h and increases in ERK1/2 and 
AKT-phosphorylation with 4 ng/ml (0.25 nM) leptin after 4 h treatment. Thus the study 
presented here is unique in the used leptin concentration, addressing the effects of leptin 
at the very high end of the previously used leptin concentration.  
 
4.5 Summary 
The three cell lines reacted differently to leptin treatment and no significant change in 
one cell line was observed in either of the other two, except for the decrease in ERK1/2-
phosphorylation after 10 min in MDA-MB-231 cells and SK-BR-3 cells. MDA-MB-231 
cells increased in proliferation after 24 h treatment, but not after 48 h treatment; MCF-
10A cells did not increase in proliferation after 24 h but did increase after 48 h 
treatment; SK-BR-3 cell proliferation did not change in proliferation at either timepoint. 
Using a range of leptin concentrations indicated in all three cell lines that high leptin 
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 The highest concentration used to treat breast cancer cells in the literature was 62.5 nM 
(1000 ng/ml) by Laud and colleagues (2002) and Catalano and colleagues (2004). This 





concentrations (>50 nM) may have no effect on cell proliferation or even a growth 
inhibiting effect, but that lower leptin concentration may have a growth promoting 
effect.  
 
AKT-phosphorylation was not affected in any of three cell lines after 100 nM leptin 
treatment. There was some cohesion in the observation of ERK1/2-phosphorylation 
changed with leptin treatment. Both cancer cell lines, MDA-MB-231 and SK-BR-3 
cells, showed a decrease in ERK1/2-phosphorylation in response to leptin treatment, 
while the normal breast epithelial cell line MCF-10A increased in ERK1/2-
phosphorylation with leptin treatment. Leptin did not have a significant effect on cell 
cycle in all three cell lines. 
 
The finding for MDA-MB-231 cells, that leptin increased proliferation but decreased 
the activation of the MAP-kinase pathway, indicated that high leptin concentrations 
increase cell proliferation by a different cell signalling pathway. Since there was also no 
activation of the PI3-kinase pathway, the JAK2/STAT3 pathway is a major candidate. A 
similar mechanism may be found in SK-BR-3 breast cancer cells. The non-linear 
change in ERK1/2-phosphorylation and a similar non-significant trend for the 
AKT-phosphorylation over time with leptin treatment however indicate a more complex 
system of leptin signalling in SK-BR-3 cells, suggesting both growth promoting (at low 
leptin concentrations) and growth inhibitory (at high leptin concentrations) effects of 
leptin. In MCF-10A breast epithelial cells, cell proliferation did not increase until 48 h 
after leptin treatment had started, but showed a marked increase in 





treatment. Thus leptin exerted growth promoting effects on MCF-10A breast cancer 
cells, which may indicate a progression towards malignant growth. The available 
literature seems to neglect this aspect of leptin signalling as no studies are available 
examining the effect of leptin on normal breast epithelial cells as a possible link 
between obesity and breast cancer aetiology. The here presented results indicate a high 
influence of leptin on growth promotion in breast epithelial cells, suggesting that further 
research should include leptin as a factor of breast cancer aetiology rather than 
exclusively focus on its influence on increased progression of breast cancer. 
 
Chapter 5 
Tumour Necrosis Factor-α  




5 TUMOUR NECROSIS FACTOR-ALPHA 
In this chapter the effect of TNF-α on several molecular markers in MDA-MB-231 
breast cancer cells, MCF-10A breast epithelial cells and SK-BR-3 breast cancer cells is 
presented. It was aimed to determine the effect of TNF-α on cell proliferation, activation 
of PI3-kinase and MAP-kinase cell signalling pathways and cell cycle progression in 
this cell culture system. Thus in this chapter the same molecular mechanisms are 
investigated after TNF-α treatment as for leptin in chapter 4. 
 
5.1 Introduction 
Tumour necrosis factor-α (TNF-α) is a cytokine involved in the induction of 
inflammation and initiation of an acute phase immune response. When cells are 
stimulated to secrete TNF-α, membrane-bound precursor molecules on the surface of 
the secreting cell are cleaved to form 51 kDa circulating TNF-α (Black et al., 1997). Its 
name derived from the initial observation that this cytokine was able to induce cell 
death in the murine fibrosarcoma L-929 cell line (Carswell et al., 1975). Endocrine 
signalling is accomplished by circulating TNF-α binding to and activating its specific 
receptor TNF-receptor 1 (TNF-R1) on target cells. The receptor is expressed 
ubiquitously in all human tissues, including breast epithelial cells (Krajewska et al., 
1998). Additionally epithelial cells also express the TNF-R2, which can be activated by 
TNF-α, but whose intra-cellular signalling is not as well understood as TNF-R1 
signalling (Gaur and Aggarwal, 2003). The TNF-R1 contains a “death domain”, which, 
if activated is able to induce apoptosis by activation of the autoproteolytic process of 
caspase 8 and downstream caspases (Gaur and Aggarwal, 2003). Indeed in MCF-7 
breast cancer cells, TNF-α induces apoptosis and inhibits cell proliferation (Burow et 




al., 1998). The TNF-R1 death domain however is not routinely activated following 
TNF-α binding (Gaur and Aggarwal, 2003). TNF-α’s main intra-cellular target is the 
NF-κB transcription factor, which is involved in mediating the expression of proteins 
involved in cell survival and anti-apoptosis, through activation of the JAK2/STAT3 
pathway, the PI3-kinase pathway and the MAP-kinase pathway in the breast cancer cell 
line T47D (Rivas et al., 2008). NF-κB has been suggested as an important link in 
inflammation-induced cancer development (Karin, 2009). Constitutive activation of 
NF-κB has also been linked to increased cancer progression in breast cancer cell lines 
(Nakshatri et al., 1997). 
 
As such TNF-α is a pleiotropic cytokine, which exerts contradictory impulses on target 
cells. Thus it has been observed that TNF-α can activate cell proliferation and apoptosis 
in the same cell line (Gaur and Aggarwal, 2003). Increased cell survival is possibly 
mediated through MAP-kinase cell signalling pathways, the complex action of TNF-α is 
likely to involve however a number of interacting pathways (Gaur and Aggarwal, 
2003). The connection of increased TNF-α secretion by white adipose tissue with 
increased BMI could provide a link to explain the connection of obesity and 
postmenopausal breast cancer (see also section 1.5.3.2). 
 
5.1.1 TNF-α and cell proliferation in breast cancer 
In line with the opposing effects of TNF-α, contrasting results on TNF-α’s impact on 
cell proliferation in breast cancer cells were observed. Rivas and colleagues (2008) 
demonstrated that 10 ng/ml TNF-α treatment for 48 h increased cell proliferation 
significantly in T47D human breast cancer cells. Conversely in MCF-7 breast cancer 




cells, TNF-α treatment reduced cell proliferation (Lee and Nam, 2008). Interestingly 
different MCF-7 subtypes reacted differently to treatment with 10 ng/ml TNF-α for 24 h 
to 72 h, indicating that TNF-α exerts different and indeed opposing effects on the same 
cell line (Burow et al., 2000). Cell proliferation in MDA-MB-231 breast cancer cells 
was not affected by 0.25 nM (12.75 ng/ml) TNF-α, decreased proliferation however was 
observed in MCF-7, ZR-75-1 and T47-D breast cancer cells (Mueller et al., 1996). This 
study also observed a decrease in cell proliferation in MDA-MB-231 breast cancer cells 
after combined treatment of TNF-α and interferon-γ. A similar co-treatment decreased 
cell proliferating in SK-BR-3 breast cancer cells, which was suggested to be caused by 
forced reduction in HER2 protein expression (Kumar and Mendelsohn, 1994).  
 
5.1.2 TNF-α and cell signalling pathways in breast cancer 
In T47D human breast cancer cells, 20 ng/ml TNF-α induced significant activation of 
PI3-kinase pathway, MAP-kinase pathway and JAK2/STAT3 pathway (Rivas et al., 
2008). Additionally in MDA-MB-231 cells, TNF-α induced activation of MAP-kinase 
pathway and the JAK2/STAT3 pathway after induction of an autocrine stimulation of 
TNF-α by exposure of cells to ionising radiation (Dent et al., 1999). In SK-BR-3 breast 
cancer cells, induction of apoptosis, using TRAIL, a protein mimicking the apoptosis 
inducing effects of TNF-α, was dependent on normal PI3-kinase functioning (Dubska et 
al., 2005). In MCF-7 breast cancer cells, TNF-α treatment increased activation of 
NF-κB by activation of PI3-kinase and AKT (Burow et al., 2000). 
 




5.1.3 TNF-α and cell cycle progression in breast cancer 
Treatment with 10 ng/ml TNF-α for 24 h increased G1-phase population in T47D cells, 
while reducing the population in S-phase and G2-phase, thus creating an inhibition of 
cell cycle progression at the G1/S cell cycle checkpoint (Pusztai et al., 1993). A similar 
increase in G1-phase cell population was observed after treatment with 10 ng/ml TNF 
for 36 h in MCF-7 cells, suggesting cell cycle arrest at the G1/S cell cycle checkpoint 
(Bogin et al., 1998). Furthermore cell cycle related and anti-mitogenic proteins p21, p53 
and Retinoblastoma (Rb) were stimulated and suggested to mediate G0/G1 cell cycle 
arrest after 10 ng/ml TNF-α treatment for 25 h (Jeoung et al., 1995). These studies 
suggest that TNF-α inhibits cell cycle progression in ER-positive breast cancer cells. 




5.2 Materials and Methods 
5.2.1 Cell lines and TNF-α treatment 
MDA-MB-231, MCF-10A and SK-BR-3 cells were cultured and treated as described in 
Materials and Methods sections 2.1.1 and 2.1.2 . Formulation of TNF-α treatment 
medium and final TNF-α concentration is described in Materials and Methods section 
2.1.3.3.  
 
5.2.2 Cell proliferation assay 
The cell proliferation assay was performed as described in section 3.2.2, with the 
exception that for a 48 h experiment, 10 μM/well BrdU was added at the beginning of 
the 48 h incubation instead of only for the last 24 h. There were no alterations for a 24 h 
experiment. Three experiments were performed for each cell line and each timepoint. 
Each experiment consisted of six replicates for each treatment, i.e. six wells for control 
and six wells for treatment. 
 
5.2.3 Cell signalling pathway assays 
The cell signalling pathways were analysed as described in section 3.2.5, but with 
10 ng/ml TNF-α as treatment medium. For each cell line, MDA-MB-231, MCF-10A 
and SK-BR-3, two experiments were performed to assess AKT-phosphorylation and 
two to assess ERK1/2-phosphorylation. Each experiment included two replicates for 
each treatment and the control, i.e. two values for control, two for 5 min, two for 
10 min, two for 15 min and two for 20 min treatment in each experiment.  
 




5.2.4 Cell cycle analysis by flow cytometry 
Changes in the cell distribution across cell cycle stages was assessed as described in 
section 3.2.6 , but with 10 ng/ml TNF-α as treatment medium.. Three experiments were 
performed for each cell line.  





5.3.1 Effect of TNF-α treatment on cell proliferation 
Cell proliferation of all cell lines was assessed after 10 ng/ml TNF-α treatment for 24 h 
or 48 h. Untreated control cells were incubated in serum-free medium (Control) at all 
times. All results are presented as percentage change from this control.  
 
In MDA-MB-231 breast cancer cells, cell proliferation did not significantly change after 
24 h or 48 h treatment with 10 ng/ml TNF-α (Figure 5-1, A).  
 
In MCF-10A normal breast epithelial cells, cell proliferation increased significantly by 
26% after 24 h (p<0.001) treatment and by 38% after 48 h (p=0.002) treatment with 
10 ng/ml TNF-α (Figure 5-1, B).  
 
In SK-BR-3 breast cancer cells, cell proliferation increased significantly by 31% after 
24 h (p=0.016) and by 59% after 48 h (p<0.001) treatment with 10 ng/ml TNF-α (Figure 
5-1, C).  





























































































Figure 5-1: Changes in cell proliferation after treatment with 10 ng/ml TNF-α for 24 h or 48 h 
in A) MDA-MB-231 breast cancer cells (blue), B) MCF-10A breast epithelial cells (red) and C) 
SK BR-3 breast cancer cells (green). Bars represent BrdU-incorporation in relation to the 
respective control within each graph and are expressed as a percentage thereof. Error bars 
represent ± SEM of three experiments, each consisting of six replicates, i.e. 18 data points for 
each bar. 
* Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 
ANOVA analysis. (*0.05>p>0.01; **0.01>p>0.001; ***p<0.001) 




5.3.2 Effect of TNF-α treatment on activation of downstream cell signalling 
pathways 
Phosphorylation of AKT or ERK1/2, representative of activation of the PI3-kinase or 
MAP-kinase cell signalling pathway, respectively, was measured after treatment with 
10 ng/ml TNF-α for between 5-20 min. Untreated control cells were incubated in 
serum-free medium (Control) at all times. All results are presented as percentage change 
of this control. 
 
In MDA-MB-231 breast cancer cells, AKT-phosphorylation did not change 
significantly after treatment between 5 min and 20 min with 10 ng/ml TNF-α (Figure 
5-2, A). ERK1/2-phosphorylation was significantly decreased by 22% after 5 min 
(p=0.044) treatment with 10 ng/ml TNF-α (Figure 5-2, B).  
 
In MCF-10A normal breast epithelial cells, AKT-phosphorylation did not change 
significantly after treatment between 5 min and 20 min with 10 ng/ml TNF-α (Figure 
5-2, C). A non-significant increase of 77% (p=0.169) after 20 min of treatment with 
10 ng/ml TNF-α compared to untreated control was however observed. 
ERK1/2-phosphorylation increased significantly by 144%, 103% and 108% after 
10 min (p=0.003), 15 min (p=0.025) and 20 min (p=0.019) treatment with 10 ng/ml 
TNF-α compared to untreated control (Figure 5-2, D). 
 
In SK-BR-3 breast cancer cells, AKT-phosphorylation increased significantly by 66% 
and 72% after 5 min (p=0.04) and 10 min (p=0.025) treatment with 10 ng/ml TNF-α, 
respectively compared to untreated control. AKT-phosphorylation increased 
non-significantly by 60% after 15 min (p=0.06) treatment with 10 ng/ml TNF-α 




compared to untreated control. AKT-phosphorylation increased significantly by 91% 
after 20 min (p=0.006) treatment with 10 ng/ml TNF-α (Figure 5-2, E). 
ERK1/2-phosphorylation increased significantly by 47% after 5 min (p=0.027) 
treatment with 10 ng/ml TNF-α (Figure 5-2, F). 





































































































































































































Figure 5-2: Changes in cell signalling pathway activation (PI3-kinase (A, C, E), MAP-kinase 
(B, D, F)) with 10 ng/ml TNF-α treatment in A, B) MDA-MB-231 breast cancer cells, C, D) 
MCF-10A breast epithelial cells and E, F) SK-BR-3 breast cancer cells. Bars represent 
AKT-phosphorylation or ERK1/2-phosphorylation in relation to the respective control within 
each graph and are expressed as a percentage thereof. Error bars represent ± SEM of three 
experiments, each consisting of two replicates, i.e. six data points for each bar. 
* Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 
univariate analysis of variance. (* 0.05>p>0.01; ** 0.01>p>0.001) 




5.3.3 Effect of TNF-α treatment on breast cancer cell cycle progression 
Cell cycle profiles for all cell lines were established after treatment with 10 ng/ml TNF-
α for 24 h. One initial experiment each was also performed after 3 h and 6 h of 
treatment with 10 ng/ml TNF-α (data not shown), which did not indicate a significant 
change and these incubation times were not further pursued. The controls are the same 
as described in section 3.3.5. 
 
In MDA-MB-231 breast cancer cells, the subG1 population increased significantly by 
4.6 percentage points (a 27% increase) after 24 h (p=0.001) treatment with 10 ng/ml 
TNF-α compared to the subG1 population of control cells. Population of the G1-phase 
decreased significantly by 3.5 percentage points (a 6% decrease) after 24 h (p=0.006) 
treatment with 10 ng/ml TNF-α compared to G1-phase population of control cells. 
S-phase population decreased significantly by 1.8 percentage points (a 15% decrease) 
after 24 h treatment (p<0.001) with 10 ng/ml TNF-α compared to S-phase population of 
control cells. No significant difference in G2-phase population after 24 h treatment 
(p=0.233) with 10 ng/ml TNF-α compared to G2-phase population of control cells was 
observed (Figure 5-3, A).  
 
In MCF-10A normal breast epithelial cells no significant difference in any cell cycle 
phase and the subG1 population was observed after 24 h treatment with 10 ng/ml 
TNF-α compared to control. In the G1-phase population a non-significant decrease of 
6.6 percentage points (a 12% decrease) after 24 h treatment (p=0.051) with 10 ng/ml 
TNF-α compared to G1-phase population of control cells was observed, the significance 
value being minimally above the significance level for the study presented here (Figure 




5-3, B). This is a strong indication that TNF-α may promote cell cycle progression past 
the G1/S checkpoint. 
 
In SK-BR-3 breast cancer cells subG1 population (p=0.372) and G1-phase population 
(p=0.811) were not significantly different between 24 h treatment with 10 ng/ml TNF-α 
and the respective control. Population of the S-phase decreased significantly by 1.5 
percentage points (a 25% decrease) after 24 h (p=0.011) treatment with 10 ng/ml TNF-α 
compared to S-phase population of control cells. Population of the G2-phase decreased 
significantly by 3.8 percentage points (a 24% decrease) after 24 h (p=0.011) treatment 
with 10 ng/ml TNF-α compared to G2-phase population of control cells (Figure 5-3, C).  








































































































Figure 5-3: Changes of cell population distribution across cell cycle stages after 24 h treatment 
with 10ng/ml TNF-α in A) MDA-MB-231 cells, B) MCF-10A cells and C) SK-BR-3 cells. Bars 
represent percentage of cells as obtained from a 10000 cell sample obtained, treated and 
analysed as described in section 2.8.1. Error bars represent ± SEM of three experiments with 
two replicates for each treatment, i.e. 6 data points for each bar. 
* Significance value compared to control (grey) at that stage, obtained using Dunnett’s post-hoc 
t-test following univariate analysis of variance (* 0.05>p>0.01; ** 0.01>p>0.001; *** p<0.001),  





5.4.1 Effect of TNF-α treatment on human MDA-MB-231 breast cancer cells 
In MDA-MB-231 breast cancer cells, cell proliferation did not change after 24 h or 48 h 
treatment with 10 ng/ml TNF-α (Figure 5-1, A). Similarly Mueller and colleagues 
(1996) observed that 0.25 nM (12.75 ng/ml) TNF-α treatment alone did not change cell 
proliferation in these cells. Thus at the time of writing there is no indication that TNF-α 
treatment has an effect on cell proliferation in MDA-MB-231 breast cancer cells. TNF-α 
has a wide variety of effects on cell growth, including inducing cell proliferation and 
apoptosis (Gaur and Aggarwal, 2003). Thus the effects of TNF-α may cancel each other 
out so that outwardly no change in cell proliferation in MDA-MB-231 breast cancer 
cells is observable. That however would imply that the impact of TNF-α on opposing 
mechanisms is essentially equal, for them to cancel each other.  
 
In MDA-MB-231 breast cancer cells, 10 ng/ml TNF-α treatment did not change 
phosphorylation of AKT (Figure 5-2, A). By comparison, the only other study 
examining PI3-kinase activation after TNF-α treatment in breast cancer cells observed 
that in T47D breast cancer cells, 20 ng/ml TNF-α increased AKT-phosphorylation after 
5 min of treatment, and was highest after 30 min (Rivas et al., 2008). No other studies 
have reported on the impact of TNF-α on PI3-kinase pathway in breast cancer cells, thus 
there is no indication that the PI3-kinase cell signalling pathway is activated in response 
to TNF-α treatment in MDA-MB-231. 
 
In MDA-MB-231 breast cancer cells, 10 ng/ml TNF-α treatment significantly decreased 
phosphorylation of ERK1/2 after 5 min of treatment (Figure 5-2, B). In the only 




comparable study, treatment of MDA-MB-231 breast cancer cells with 10 ng/ml TNF-α 
for 24 h induced expression of MMP-9
1
, which was reduced after inhibition of MEK1/2 
by 10 μM U01262, suggesting that TNF-α activates ERK1/2 to exert this effect (Kim et 
al., 2008). This study however did not examine ERK1/2-phosphorylation directly. 
Moreover, while ERK1/2-phosphorylation was significantly reduced after 5 min 
treatment, phosphorylation increased steadily back to baseline after 20 min
3
. Additional 
investigation at later time points might determine whether this rise continues further, 
which might indicate increased activation of the MAP-kinase cell signalling pathway 
after longer TNF-α treatments. The rationale for doing so would be that Kim and 
colleagues’ (2008) increased MMP-9 expression was observed after 24 h TNF-α 
treatment.  
 
In MDA-MB-231 breast cancer cells, 10 ng/ml TNF-α treatment for 24 h significantly 
increased the subG1 population and decreased the G1 and S-phase population of the cell 
cycle profile (Figure 5-3, A). Cell cycle has not been examined in MDA-MB-231 cells 
before. By comparison, in T47D breast cancer cells, 10 ng/ml TNF-α treatment 24 h 
increased G1-phase population at the expense of S-phase and G2-phase populations, 
leading the authors to conclude that TNF-α treatment arrests cell cycle at the G1/S cell 
cycle checkpoint (Pusztai et al., 1993). They also suggest that TNF-α is not cytotoxic, 
i.e. it does not induce apoptosis, but rather cytostatic, i.e. it induces growth arrest, in 
                                                 
1
 MMP-9 is a protein involved in facilitating invasion of cancer cells in tumour surrounding 
tissue and according to the authors of the here discussed study, MMP-9 expression is pivotal for 
breast cancer cells to metastasise (Kim et al., 2008). 
2
 U0126 is a MEK1/2 kinase inhibitor, similar to PD98059 used in the study presented here. It 
inhibits MAP-kinase cell signalling. 
3
 Using Tukey HSD post-hoc test as described in section 2.9, it was observed that ERK1/2-
phosphorylation was significantly increased after 20 min of treatment compared to 5 min 
treatment (p=0.042). 






. Compared to findings in the study presented here, the higher subG1 
population indicates that TNF-α treatment increases apoptosis in MDA-MB-231 cells. 
The additional finding that G2-phase population is not changed with TNF-α treatment 
may indicate that apoptosis may occur predominantly during mitosis or before entering 
mitosis, with the remaining cell population advancing further in the cell cycle, but 
G1-phase and S-phase not being “replenished” from cells that have undergone mitosis 
and thus the overall cell number in these phases is decreased. By comparison the results 
from the cell proliferation experiments (see section 5.3.1) in the study presented here 
however do not indicate a decrease in cell proliferation, which would be conducive to 
an increase in apoptosis. Thus the cell proliferation results do not support the increased 
apoptosis observed with the cell cycle experiments. On the other hand the decrease in 
ERK1/2-phosphorylation may indicate a decrease in cell cycle progression and thus be 
more agreeable with the cell cycle results. Conclusively in line with the potential for 
TNF-α to exert different and sometimes opposing effects on cells, the results obtained 
for MDA-MB-231 breast cancer cells do not allow to conclude a simplistic mechanism 
by which TNF-α may alter cell growth in these cells.  
 
5.4.2 Effect of TNF-α treatment on human MCF-10A normal breast epithelial 
cells 
In MCF-10A breast epithelial cells, treatment with 10 ng/ml TNF-α increased cell 
proliferation after 24 h and 48 h. This is a novel finding as the impact of TNF-α on cell 
proliferation in these, or other breast epithelial cell lines, has not been described 
previously. In rat mammary epithelial cells however TNF-α treatment increased 
proliferation (Ip et al., 1992, Varela et al., 2001). Freshly prepared rat mammary 
                                                 
4
 This conclusion is drawn from additional results presented by Pusztai and colleagues (1993). 




epithelial cells were isolated, incubated in primary culture and treated with TNF-α for 
21 days. Cell growth and morphogenesis were significantly increased compared to 
control cells (Varela et al., 2001). The here presented results indicate that TNF-α 
treatment has a substantial and sustained effect on promoting cell proliferation in MCF-
10A cells. A further investigation should include extending the treatment time beyond 
the 48 h mark to determine, if cell proliferation is further increased by a single dose of 
TNF-α in order to investigate, if TNF-α can permanently increase proliferation. This 
would indicate that TNF-α is not only a mitogen for these cells, but might affect a 
permanent change to increase proliferation, which is a feature of cancer cells. These 
findings indicate that TNF-α is an important factor in contributing to the increased risk 
of breast cancer in obese postmenopausal women and may contribute to breast cancer 
aetiology. 
 
In MCF-10A breast epithelial cells, 10 ng/ml TNF-α treatment did not change 
AKT-phosphorylation significantly between 5 min and 20 min treatment time. All 
treatment times however indicate a non-significant increase, including 
AKT-phosphorylation being 77% higher after 20 min treatment with 10 ng/ml TNF-α 
compared to untreated control (Figure 5-2, C). Further repetition of the experiment may 
reduce the large standard error, which contributes to the observed non-significance of 
the obtained results. Thus from the results presented here, it cannot be concluded that 
TNF-α signalling involves AKT-phosphorylation, however further investigation is 
warranted. There are no studies that have investigated the change in phosphorylation of 
AKT after treatment with TNF-α in MCF-10A or other breast epithelial cells.  
 




In MCF-10A breast epithelial cells, 10 ng/ml TNF-α increased phosphorylation of 
ERK1/2 significantly after between 10 min and 20 min treatment. The highest increase 
was observed after 10 min of treatment (Figure 5-2, D). No significant differences 
between treatment time points were detected
5
, indicating no significant further increase 
in activation beyond 10 min treatment. This indicates a sustained activation of at least 
10 min and probably beyond. A further experiment could include examining TNF-α 
induced activation of ERK1/2 beyond the 20 min mark to assess the sustained increase 
in ERK1/2-phosphorylation with TNF-α treatment in MCF-10A cells, which may 
support the idea that high TNF-α concentrations permanently change MCF-10A 
metabolism. With no additional information available on the influence of TNF-α on 
MCF-10A cells, it could be concluded that MAP-kinase activation may be responsible 
in mediating TNF-α induced cell proliferation in these cells. Further investigation 
should include the use of MEK1/2 inhibitors to estimate the contribution the activation 
of ERK1/2 makes to TNF-α induced cell proliferation in these cells.  
 
In MCF-10A breast epithelial cells, 10 ng/ml TNF-α did not change the distribution of 
the cell population across cell cycle phases. G1-phase population decreased after TNF-α 
treatment (p=0.051, Figure 5-3, B). A decrease in G1-phase population combined with 
an increase in S-phase population (p=0.349) could be interpreted as an increase in cell 
cycle progression  
 
Although not a statistical significant observation, this finding complements the cell 
proliferation findings and MAP-kinase pathway activation, suggesting a significant 
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 Using Tukey’s HSD post-hoc test 




involvement of TNF-α in promoting cell growth in MCF-10A breast epithelial cells. 
These initial findings should promote further investigation to validate these results and 
further the insight of the role of TNF-α on carcinogenic transformation of breast 
epithelial cells and its potential contribution to the obesity postmenopausal breast cancer 
link.  
 
5.4.3 Effect of TNF-α treatment on human SK-BR-3 breast cancer cells 
In SK-BR-3 breast cancer cells, 10 ng/ml TNF-α treatment increased cell proliferation 
after 24 h and 48 h of treatment. The highest increase was observed after 48 h treatment 
(Figure 5-1, C). Similarly, Rivas and colleagues (2009) observed an increase in 
SK-BR-3 cell proliferation following 20 ng/ml TNF-α treatment for 48 h, using [3H]-
thymidine incorporation. The authors also concluded that herceptin treatment was not 
able to inhibit the cross-activation of HER2 by TNF-α and the resulting increase in cell 
proliferation
6
. This may suggest an important mechanism of herceptin-resistance and 
provide a mechanistic link between obesity and herceptin-resistance. The similar 
findings of the study presented here and previously published results suggest a 
substantial impact of TNF-α on cell proliferation of SK-BR-3 breast cancer cells.  
 
In SK-BR-3 breast cancer cells, 10 ng/ml TNF-α treatment increased phosphorylation of 
AKT after 5 min, 10 min and 20 min of treatment. The highest increase in 
AKT-phosphorylation was observed after 20 min treatment (Figure 5-2, E). No studies 
are available that investigated the phosphorylation of AKT after treatment with TNF-α 
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 Herceptin is a monoclonal antibody, developed and approved for treatment of HER2 
overexpressing breast cancer, of which SK-BR-3 cells are the prime example. Efficacy of 
herceptin is limited to about 30% of patients, whose tumours overexpresses HER2 (Rivas et al., 
2009). 




in these cells. Activation of AKT has been linked to activation of proliferation 
stimulating transcription factor NF-κB in T47D breast cancer cells (Rivas et al., 2008). 
Thus activation of AKT may be a pathway for TNF-α stimulated cell proliferation in 
SK-BR-3 breast cancer cells.  
 
In SK-BR-3 breast cancer cells, 10 ng/ml TNF-α treatment significantly increased 
phosphorylation of ERK1/2 after 5 min of treatment (Figure 5-2, F). The increase is 
lower than that of AKT-phosphorylation (47% increase in ERK1/2-phosphorylation 
after 5 min treatment compared to 91% increase in AKT-phosphorylation after 20 min 
treatment), however, as mentioned in section 3.4.2, the level of ERK1/2-
phosphorylation increase does not relate to the level of increase in cell proliferation. 
Moreover AKT-phosphorylation is stably increased from 5 min treatment onwards, 
while ERK1/2-phosphorylation returns to baseline after 10 min treatment and remains 
unaffected at later treatment points. Thus the MAP-kinase pathway may not play as 
significant a role in mediating TNF-α intra-cellular signalling in SK-BR-3 cells as the 
PI3-kinase cell signalling pathway does. 
 
In SK-BR-3 breast cancer cells, 10 ng/ml TNF-α treatment significantly decreased 
S-phase and G2-phase population after 24 h treatment. As compensation the subG1 
population increased, however this increase was not significant (Figure 5-3, C). A 
similar result was observed for T47D breast cancer cells, where S-phase and G2-phase 
but not G1-phase populations decreased after treatment with 10 ng/ml TNF-α for 24 h 
(Pusztai et al., 1993). These authors concluded that TNF-α induced cell cycle arrest at 
the G1/S cell cycle checkpoint (Pusztai et al., 1993). If this is applicable to SK-BR-3 




cells, then earlier findings showing an increase in cell proliferation (Figure 5-1, C) and 
significant increases in cell signalling pathways (Figure 5-2, E, F) with 10 ng/ml TNF-α 
treatment are not supported by this finding. These interpretations suggest a pleiotropic 
effect of TNF-α on these cells, both increasing cell proliferation and cell cycle arrest. 
An alternative suggestion, in line with a growth promoting action of TNF-α on 
SK-BR-3 cells, would be that TNF-α specifically increased cell cycle progression across 
the G2/M cell cycle checkpoint, thus increasing the number of cells entering mitosis. 
With an intact G1/S cell cycle checkpoint, one would imagine a decrease in S-phase and 
G2-phase populations, just as observed after TNF-α treatment. As a result, one would 
also expect an increase in G1-phase population where cells would accumulate after 
undergoing mitosis, this was however not observed. Thus this alternative explanation is 
not fully supported by the here presented findings.  
 
5.4.4 Rationale for the approach 
The rationale for the chosen experimental methodology is the same as explained in 
section 3.4.5. 
 
The TNF-α concentration used in our experiments (10 ng/ml) was within the range 
(0.1 ng/ml-200 ng/ml) used by Rivas and colleagues (2008). Physiological circulating 
concentrations of TNF-α in obese (mean BMI 30.4 kg/m2 ± 1.3 kg/m2) postmenopausal 
(mean age 49.0 years
 
± 5.3 years) breast cancer patients were 22.0 pg/ml ± 9.77 pg/ml 
(Gonullu et al., 2005). Thus the used TNF-α concentration was about 45-times higher 
than physiological concentrations. This concentration was similarly above physiological 
concentrations as leptin in the previous chapter. It was decided to concentrate on a 




single TNF-α concentration rather than a range in order to examine a number of 
possible changes and get an initial overview of the potential action of TNF-α on the cell 
culture system. The TNF-α concentration used for the study presented here significantly 
increased cell proliferation in T47D breast cancer cells (Rivas et al., 2008). 
 
5.5 Summary 
Across the three cell lines (MDA-MB-231 breast cancer cells, MCF-10A breast 
epithelial cells, SK-BR-3 breast cancer cells) and the four tested variables (cell 
proliferation, AKT-phosphorylation, ERK1/2-phosphorylation, cell cycle profile) it may 
be suggested that MCF-10A breast epithelial cell and SK-BR-3 breast cancer cells seem 
to be affected similarly by TNF-α treatment. The effect on MDA-MB-231 breast cancer 
cells on the other hand was different. This suggests that TNF-α is a pleiotropic cytokine, 
with different effects on specific cell types. It remains an interesting fact that the two 
breast cancer cell lines show very different responses, i.e. results that can be interpreted 
both as growth promoting and growth inhibiting, to TNF-α treatment, while MCF-10A 
cells react more uniformly, i.e. growth promoting, to this treatment.  
 
Cell proliferation was not influenced by TNF-α treatment in MDA-MB-231 cell, but 
increased similarly in MCF-10A cells and SK-BR-3 cells. MDA-MB-231 may naturally 
have a resistance to growth promoting abilities of TNF-α. No studies are available on 
the TNF-R in these cells, thus MDA-MB-231 cells may have renounced the growth 
promoting effects TNF-R expression in favour of protection from its apoptosis 
promoting effect. This however may not be a valid explanation as the results from the 
cell cycle experiments (see section 5.3.3) indicate an increase in apoptosis. Thus the 




effect of TNF-α on cell proliferation is cell specific and is not limited to either breast 
epithelial or breast cancer cells.  
 
AKT-phosphorylation was significantly increased in SK-BR-3 cells only, the high 
standard error of the mean between the experiments performed for the MCF-10A cells 
however makes the true insignificance of the observed findings doubtful. There was no 
indication that TNF-α treatment increased AKT-phosphorylation in MDA-MB-231 
cells. Thus TNF-α induced AKT-phosphorylation may affect the cells similarly as 
TNF-α induced cell proliferation. AKT activation following TNF-α treatment has been 
linked to increased activity of NF-κB transcription factor, known to increase 
transcription of cell proliferative genes (Rivas et al., 2008). This could thus be the main 
cell signalling pathway by which TNF-α increases cell proliferation in SK-BR-3 cells 
and maybe in MCF-10A breast epithelial cells. Further investigations using PI3-kinase 
inhibitor wortmannin could provide an insight into the exact mechanisms.  
 
ERK1/2-phosphorylation was significantly increased in MCF-10A and SK-BR-3 cells. 
Only MCF-10A cells however exhibited a sustained increase in 
ERK1/2-phosphorylation, while SK-BR-3 cell’s ERK1/2-phosphorylation returned to 
baseline after 10 min TNF-α treatment. In MDA-MB-231 breast cancer cells, TNF-α 
initiated a significant decrease in ERK1/2-phosphorylation after 5 min treatment, 
possibly indicating a growth inhibitory effect. If cell proliferation in MCF-10A cells is 
indeed not mediated by the PI3-kinase pathway, it is promoted most certainly by the 
MAP-kinase pathway. Hence further investigations using MEK1/2 inhibitors (U0126 or 




PD98059) could provide further insight into the mechanistic of intra-cell mediation of 
proliferative signals from TNF-α in MCF-10A cells.  
 
In line with the decrease in ERK1/2-phosphorylation MDA-MB-231 breast cancer cells 
show the highest change in cell population distribution across cell cycle stages with 
TNF-α treatment, indicating an apoptotic effect of TNF-α on these cells. Also SK-BR-3 
cells exhibit a decrease in cell cycle progression after TNF-α treatment. Cell cycle 
distribution in MCF-10A cells on the other hand is not affected by TNF-α treatment. In 
fact the near-significant decrease (p=0.051) in the G1-phase population further supports 
the conclusion that TNF-α acts highly prolific on these cells. Interestingly the results 
presented here may suggest that TNF-α arrests cell cycle at the G2/M cell cycle 
checkpoint in the MDA-MB-231 breast cancer cell line and at the G1/S cell cycle 
checkpoint in SK-BR-3 breast cancer cells. The result on cell cycle arrest is the same, it 
emphasises however the different effect that TNF-α has on the two examined breast 
cancer cells. The finding that SK-BR-3 cells show a cell cycle arrest after TNF-α 
treatment remains in contradiction to the other observed findings of increased 
proliferation and increased activation of cell signalling pathways following TNF-α 
treatment.  
 
In conclusion, TNF-α affects breast cancer cells and breast epithelial cells. Each 
examined cell line however exhibited an individual response to TNF-α treatment. In 
MDA-MB-231 cells TNF-α seems to exert no effect or a slightly growth inhibiting and 
apoptosis inducing effect. In MCF-10A breast epithelial cells, TNF-α increases cell 
proliferation, with no indication of cell cycle arrest or onset of apoptosis. SK-BR-3 cells 




show no conclusive growth promoting or apoptotic reactions to TNF-α treatment. 
TNF-α treatment increased cell proliferation and cell signalling pathway activation, but 
also indicates increased cell cycle arrest. Thus TNF-α may contribute to the obesity 
breast cancer link, but its exact mechanistic effect on mediating breast cancer aetiology 
or breast cancer progression remains elusive. 
 
Chapter 6 
Adiponectin and Interleukin-6 




6 ADIPONECTIN AND INTERLEUKIN-6  
In this chapter the effect of two additional adipokines, adiponectin and IL-6 on cell 
proliferation is presented. It is the result of the intention to investigate several molecular 
markers that may potentially be involved in contributing to the link between obesity and 
postmenopausal breast cancer. It was aimed to determine the effect of adiponectin and 
high IL-6 concentrations on cell proliferation in MDA-MB-231 breast cancer cells, 




Adiponectin is a 26 kDa adipocyte-derived polypeptide. At the time of writing, 
adipocytes are the only source for circulating adiponectin. Physiologically adiponectin 
appears in two configurations: either as a trimer, known as low-molecular weight 
(LMW) adiponectin or in polymers of up to 18 adiponectin molecules, termed 
high-molecular weight adiponectin (HMW). It has been suggested that HMW 
adiponectin may be more important in mediating the effects of adiponectin than total 
adiponectin (Inoue et al., 2007; Arita et al., 1999). Different from the majority of other 
adipokines, adiponectin is negatively correlated with body weight and BMI, i.e. as BMI 
increases, adiponectin concentrations decrease. In normal weight individuals the mean 
circulating adiponectin level was 8.9 μg/ml, while it was reduced to 3.7 μg/ml 
adiponectin in obese individuals (Arita et al., 1999
1
). These authors also demonstrated 
that adiponectin concentrations decrease exponentially with increased BMI. Individuals 
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 This study is inconsistent in labelling adiponectin concentration and the authors described the 
adiponectin concentrations in the text as mg/ml, μg/ml and ml/ml. However citing Arita and 
colleagues’ (1999) study, Arditi and colleagues (2006) confirmed adiponectin concentrations 
were in μg/ml. 




with decreased adiponectin concentrations were found to have an increased risk of 
developing breast cancer, independent of BMI (Mantzoros et al., 2004). Moreover low 
adiponectin concentrations were also found in patients with more severe types of breast 
cancer as well as more advanced breast cancer (Miyoshi et al., 2003). Thus decreased 
concentrations of adiponectin, associated with obesity, could explain the increased 
breast cancer risk in obese postmenopausal women. Conversely high concentrations of 
adiponectin may decrease proliferation, induce cell cycle arrest or increase apoptosis of 
breast cancer cells. 
 
Adiponectin treatment of breast cancer cell lines has generally resulted in decreased 
proliferation, supporting the above assertion. A growth inhibitory effect of adiponectin 
however was only observed at low adiponectin concentrations, far below the 
physiological concentrations. Proliferation was decreased in MDA-MB-231 breast 
cancer cells after treatment with 25 ng/ml adiponectin for 24 h. Interestingly 250 ng/ml 
adiponectin or 500 ng/ml adiponectin treatment for 24 h did not significantly decrease 
cell proliferation (Dos Santos et al., 2008). These authors suggested that the adiponectin 
receptor is degraded quicker at adiponectin concentrations >25 ng/ml and thus 
decreasing intra-cellular adiponectin signalling. Grossmann and colleagues (2008) 
examined the influence of 50-5000 ng/ml adiponectin on five breast cancer cell lines. 
Cell proliferation, measured using the MTT cell viability test after 48 h treatment, 
decreased in MCF-7, T47D and SK-BR-3 breast cancer cells at 500 ng/ml and higher, 
but not in MDA-MB-231 or MDA-MB-361 breast cancer cells at up to 5000 ng/ml 
(Grossmann et al., 2008). Thus the growth inhibitory effects of adiponectin on 
MDA-MB-231 breast cancer cells were not universally observed. In addition induction 




of apoptosis was observed after treatment of MDA-MB-231 breast cancer cells with 
adiponectin (Kang et al., 2005). Others however did not observe an increase of 
apoptosis in MDA-MB-231 breast cancer cells after adiponectin treatment, instead 
reported growth inhibitory effects (Nakayama et al., 2008). These authors measured cell 
cycle progression with 10 μg/ml adiponectin after 24 h, 48 h and 72 h treatment finding 
continuous increases in G1-phase populations (Nakayama et al., 2008). Two other 
studies found growth inhibitory effects after adiponectin treatment in MCF-7 breast 
cancer cells (Dieudonne et al., 2006; Arditi et al., 2007). Dieudonne and colleagues 
(2006) also observed an induction of apoptosis in MCF-7 breast cancer cells after 96 h 
treatment with 250 ng/ml adiponectin, using DNA-fragmentation, while Arditi and 
colleagues (2007) did not observe increase apoptosis with 15 μg/ml adiponectin for 
48 h.  
 
6.1.2 Interleukin-6 
Interleukin-6 (IL-6) is a 24 kDa inflammatory cytokine. It is primarily produced by 
macrophages and T-cells to stimulate inflammation and initiate an immune response, 
especially in the event of burns and other trauma. Conversely, its pleiotropic function is 
seen by the observation that IL-6 can also mediate an anti-inflammatory effect 
(Pedersen et al., 2003). IL-6 however acted as anti-inflammatory only as a result of 
increased IL-6 myocyte expression following exercise and not adipocyte derived IL-6. 
Thus, while short-term IL-6 secretion may be beneficial, the chronic elevation of IL-6 
circulating concentrations in the obese may promote some of the obesity-associated 
metabolic disorders, including increased susceptibility to breast cancer (Gonullu et al., 
2005). 




Concordantly, adipocyte-derived IL-6 stimulated cell motility and invasion in MCF-7 
and MDA-MB-231 breast cancer cells (Walter et al., 2009). On the other hand, another 
study, where the authors treated T47D breast cancer cells with 10 ng/ml IL-6 for 10 d, 
observed a decrease in the number of colonies formed after treatment compared to 
equally long incubated control cells, indicating a decrease in cell proliferation (Badache 
and Hynes, 2001). Interestingly, in MCF-7 breast cancer cells treatment with 10 ng/ml 
IL-6 not only promoted growth, but also triggered IL-6 secretion by MCF-7 breast 
cancer cells themselves, indicating that IL-6 may increase growth and, as a subsequent 
or independent mechanism, initiate a self-sustained autocrine loop of IL-6 promoted cell 
growth (Conze et al., 2001; Sansone et al., 2007). This may point to a different mode of 
action of IL-6 on breast cancer growth, compared to other adipokines. 
 




6.2 Materials and Methods 
6.2.1 Cell lines and treatment with adiponectin or interleukin-6 
MDA-MB-231, MCF-10A and SK-BR-3 cells were cultured and treated as described in 
Materials and Methods sections 2.1.1 and 2.1.2. Formulation of adiponectin and IL-6 
treatment media and final treatment concentrations are described in Materials and 
Methods sections 2.1.3.4 and 2.1.3.5, respectively.  
 
6.2.2 Cell proliferation assay 
The cell proliferation assay was performed as described in section 3.2.2, but with 
250 ng/ml or 500 ng/ml adiponectin or 10 ng/ml IL-6 as treatment medium, with the 
additional exception that for a 48 h experiment, 10 μM/well BrdU was added at the 
beginning of the 48 h incubation instead of only for the last 24 h. There were no 
alterations for a 24 h experiment. Three experiments were performed for each treatment, 
each cell line and each time point. Each experiment consisted of six replicates for each 
treatment, i.e. six wells for control and six wells for treatment. 





6.3.1 Effect of adiponectin treatment on cell proliferation 
Cell proliferation of all cell lines was assessed after 250 ng/ml adiponectin and 
500 ng/ml adiponectin treatment for 24 h or 48 h. Untreated control cells were 
incubated in serum-free medium (Control) at all times. All results are presented as 
percentage change from this control (Figure 6-1). 
 
In MDA-MB-231 breast cancer cells, 250 ng/ml adiponectin treatment did not 
significantly change cell proliferation after 24 h or 48 h treatment. Treatment with 
500 ng/ml adiponectin did not significantly change cell proliferation after 24 h or 48 h 
treatment. A non-significant 5% decrease in cell proliferation (p=0.077) after 250 ng/ml 
adiponectin treatment for 48 h was the highest change observed (Figure 6-1, A). 
 
In MCF-10A breast epithelial cells, 250 ng/ml adiponectin treatment did not 
significantly change cell proliferation after 24 h or 48 h. Likewise treatment with 
500 ng/ml adiponectin did not significantly change cell proliferation after 24 h or 48 h 
treatment. A non-significant 9% decrease in cell proliferation (p=0.210) after 500 ng/ml 
adiponectin treatment for 48 h was the highest change observed (Figure 6-1, B). 
 
In SK-BR-3 breast cancer cells, 250 ng/ml adiponectin treatment decreased cell 
proliferation significantly by 17% after 24 h treatment (p=0.028), but no significant 
change in cell proliferation was observed after 48 h treatment. Treatment with 
500 ng/ml adiponectin decreased cell proliferation significantly by 17% after 24 h 




treatment (p=0.024), but no significant change in cell proliferation after 48 h of 
treatment was observed (Figure 6-1, C).  



































































































Figure 6-1: Changes in cell proliferation after treatment with 250 ng/ml or 500 ng/ml 
Adiponectin for 24 h or 48 h in A) MDA-MB-231 breast cancer cells (blue), B) MCF-10A 
breast epithelial cells (red) and C) SK BR-3 breast cancer cells (green). Bars represent BrdU-
incorporation in relation to the respective control within each graph and are expressed as a 
percentage thereof. Error bars represent ± SEM of three experiments, each consisting of six 
replicates, i.e. 18 data points for each bar. 
* Significance value compared to control, obtained using One-way ANOVA analysis. 
(* 0.05>p>0.01) 




6.3.2 Effect of Interleukin-6 on cell proliferation 
Cell proliferation of all cell lines was assessed after 10 ng/ml IL-6 treatment for 24 h or 
48 h. Untreated control cells were incubated in serum-free medium (Control) at all 
times. All results are presented as percentage change from this control (Figure 6-2). 
 
In MDA-MB-231 breast cancer cells, 10 ng/ml IL-6 treatment increased cell 
proliferation significantly by 4% after 24 h treatment (p=0.045), but not after 48 h of 
treatment compared to control (Figure 6-2, A).  
 
In MCF-10A breast epithelial cells, 10 ng/ml IL-6 treatment did not significantly 
change cell proliferation after 24 h treatment, but increased cell proliferation 
significantly by 38% after 48 h of treatment (p<0.001) compared to control (Figure 6-2, 
B). 
 
In SK-BR-3 breast cancer cells, 10 ng/ml IL-6 treatment did not change cell 
proliferation after 24 h or 48 h. The highest change observed was a non-significant 16% 
decrease in proliferation after 24 h of treatment (p=0.105) compared to control (Figure 
6-2, C).  
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Figure 6-2: Changes in cell proliferation after treatment with 10 ng/ml IL-6 for 24 h or 48 h in 
A) MDA-MB-231 breast cancer cells (blue), B) MCF-10A breast epithelial cells (red) and C) 
SK BR-3 breast cancer cells (green). Bars represent BrdU-incorporation in relation to the 
respective control within each graph and are expressed as a percentage thereof. Error bars 
represent ± SEM of three experiments, each consisting of six replicates, i.e. 18 data points for 
each bar. 
* Significance value compared to control, obtained using One-way ANOVA analysis. 
(* 0.05>p>0.01; *** p<0.001) 





6.4.1 Effect of adiponectin on cell proliferation 
In MDA-MB-231 breast cancer cells, adiponectin treatment with either concentration 
(250 ng/ml or 500 ng/ml) did not change cell proliferation after 24 h or 48 h treatment 
(Figure 6-1, A). Thus the results do not indicate that adiponectin may induce a growth 
inhibiting effect on these cells. Similarly non-significant changes in cell proliferation, 
using [
3
H]-thymidine incorporation, were observed when MDA-MB-231 breast cancer 
cells were treated by 250 ng/ml or 500 ng/ml adiponectin for 24 h (Dos Santos et al., 
2008). Assessment of the adiponectin receptor led the authors to suggest that high 
(>250 ng/ml) adiponectin concentrations may decrease normal adiponectin signalling, 
since they observed a significant decrease adiponectin receptor expression at this 
concentration (Dos Santos et al., 2008). Thus their study may provide an explanation 
for the results observed in the study presented here, as the same adiponectin 
concentrations were used. This study (Dos Santos et al., 2008) however incubated cells 
for 48 h in medium containing 5% FCS, which could affect the cells differently prior to 
treatment than the protocol used in the study presented here, where no FCS 
supplementation was used for incubation in serum-free medium. Conversely higher 
concentrations of adiponectin, than the ones used in the study presented here, induced 
cell cycle arrest and apoptosis. Treatment of MDA-MB-231 breast cancer cells with 
10 μg/ml and 30 μg/ml adiponectin decreased cell proliferation after 24 h, 48 h and 72 h 
treatment, using cell proliferation reagent WST-1, which works similar to MTT 
(Nakayama et al., 2008). The same study also observed no difference in proliferation 
with 0.1 μg/ml or 1 μg/ml adiponectin, thus in fact supporting the here presented 
findings. These authors however did not incubate in serum-free medium prior to 




adiponectin treatment (Nakayama et al., 2008). Incubating MDA-MB-231 breast cancer 
cells in serum-free medium for 18-24 h prior to 48 h adiponectin treatment, Grossmann 
and colleagues (2008) observed no changes in cell proliferation of with adiponectin 
concentrations between 50 ng/ml and 5000 ng/ml, using the MTT-assay. Previous 
findings of cell proliferation in adiponectin treatment employed very different protocols 
and treatment concentrations. In the study presented here no changes in cell 
proliferation at 250 ng/ml and 500 ng/ml adiponectin was observed. Using different 
methods all other studies agreed with this finding at these adiponectin concentrations. 
At both lower and higher concentrations however adiponectin decreased proliferation in 
MDA-MB-231 breast cancer cells, thus suggesting a complex system of interaction 
between adiponectin and cell proliferation in MDA-MB-231 breast cancer cells.  
 
In MCF-10A breast epithelial cells, adiponectin treatment with either concentration 
(250 ng/ml or 500 ng/ml) did not change cell proliferation after 24 h or 48 h treatment 
(Figure 6-1, B). Cell proliferation in MCF-10A cells was decreased compared to control 
after treatment with 10 μg/ml adiponectin for 4 and 6 days but not after 3 days (Treeck 
et al., 2008). This indicates that adiponectin may affect MCF-10A breast epithelial cells 
only after a longer incubation period and at a higher adiponectin concentration than the 
ones used in the study presented here. The long incubation period used by Treeck and 
colleagues (2008) however may create some problems with cell growth, as these authors 
used 2500 cells/well in a 96-well plate for up to 6-days in serum-supplemented growth 
medium (by comparison the study presented here uses 5000 cells/well in serum-free 
medium). By comparison in the study presented here, 4 x 10
5
 MCF-10A cells were able 
to grow to full confluence in 75 cm
2
 flasks in 4 days in growth medium, as observed 




during routine cell maintenance. Thus there might be some uncertainties in the findings 
of Treeck and colleagues (2008). The here presented results do not indicate that cell 
proliferation of MCF-10A cells is decreased with adiponectin treatment. 
 
In SK-BR-3 breast cancer cells adiponectin treatment decreased cell proliferation after 
24 h with either concentration of 250 ng/ml or 500 ng/ml adiponectin (Figure 6-1, C). 
Similarly, Grossmann and colleagues (2008) observed a decrease in cell proliferation 
after 48 h of treatment with 500 ng/ml adiponectin in these cells. Pfeiler and colleagues 
(2008) however did not observe a change in cell proliferation in these cells following 
treatment with up to 15 μg/ml adiponectin for up to five days (Pfeiler et al., 2008). Thus 
it seems that lower adiponectin concentrations rather than high concentrations may be 
able to decrease cell proliferation in SK-BR-3 breast cancer cells, which is surprising as 
it is generally thought that high adiponectin concentrations should increase growth 
inhibition more than low concentrations, given the inverse relation of adiponectin 
concentrations and BMI.  
 
The large variety of adiponectin concentrations used in the literature does not seem to 
cause concern by the authors of these studies. They also did not justify the adiponectin 
concentration they used. Thus it will presumably take a number of additional studies to 
find a consensus, at which concentrations adiponectin shows its highest inhibitory 
effect.  
 




6.4.2 Effect of IL-6 on cell proliferation 
In MDA-MB-231 breast cancer cells, IL-6 treatment increased cell proliferation 
significantly after 24 h (Figure 6-2, A). By comparison leptin increased cell 
proliferation by 21% after 24 h of treatment (see section 4.3.1). Further repetition of the 
experiment or employment of additional methods of measuring cell proliferation might 
be needed to evaluate the statistical significance of this finding. Even if the statistical 
significance was to be established its physiological impact is probably negligible. By 
comparison the only other study that examined the effect of IL-6 on MDA-MB-231 
breast cancer cells, did not observe any change in cell proliferation, as measured by cell 
count of viable cells using Trypan Blue staining
2
, after treatment with 100 ng/ml IL-6 
for 24 h or 6 days (Asgeirsson et al., 1998). Thus there is probably no effect of IL-6 on 
cell proliferation in MDA-MB-231 breast cancer cells. 
 
In MCF-10A breast epithelial cells, IL-6 treatment increased proliferation after 48 h 
treatment (Figure 6-2, B), suggesting a proliferative effect of IL-6 on these cells. In one 
study, MCF-10A breast epithelial cells were grown in “conditioning medium”, i.e. 
medium in which breast cancer cells had been growing previously and which was now 
used to cultivate MCF-10A breast epithelial cells (Lieblein et al., 2008). Cell 
proliferation was then assessed using the MTT-assay and was found to be increased. 
Additional incubation of MCF-10A cells with a specific IL-6 antibody inhibited this 
observed increase in proliferation, suggesting that breast cancer cell derived IL-6 acted 
mitogenic on MCF-10A breast epithelial cells (Lieblein et al., 2008). Furthermore these 
                                                 
2
 Trypan Blue is a dye staining only the nuclear membrane, not the cell membrane. It can also 
not diffuse past the cell membrane. Consequently cells that appear blue after staining possess a 
corrupt cell membrane, indicative of dead or necrotic cells. Therefore these cells are discounted 
as non-viable and only non-stained cells are defined as viable.  




authors observed an increase in IL-6 secretion from MCF-10A cells after incubation in 
conditioning medium (Lieblein et al., 2008) (see sections 1.5.3.4 and 8.5). Additionally, 
using MTT analysis a 64% increase in cell proliferation of MCF-10A breast epithelial 
cells with 10 ng/ml IL-6 for 5 days was observed (Basolo et al., 1993). These authors 
also observed IL-6 receptor expression in MCF-10A breast cancer cells. These authors 
did however not comment on the significance of this finding and it could not be 
assessed, if the authors had performed a statistical test on these results. This is 
understandable as the aims of their study were to assess the impact of IL-6 on cyclin D 
expression primarily and cell proliferation changes of normal MCF-10A cells were used 
only as control (Basolo et al., 1993). Thus it might well be that IL-6 treatment had a 
significant effect on cell proliferation in this study and these results would thus support 
the results observed in the study presented here. IL-6 may therefore be an interesting 
candidate for the connection of obesity and breast cancer aetiology.  
 
In SK-BR-3 breast cancer cells, IL-6 treatment did not change cell proliferation after 
24 h or 48 h treatment (Figure 6-2, C). There are no comparable studies, describing 
changes of cell proliferation in SK-BR-2 breast cancer cells
3
. Thus there seems to be no 
indication that IL-6 may be involved in promoting cell proliferation in SK-BR-3 breast 
cancer cells.  
 
There are indications that IL-6 activates the PI3-kinase and MAP-kinase cell signalling 
pathways in T47D cells (Badache and Hynes, 2001). Thus it would be interesting to 
                                                 
3
 Only one study was obtained treating SK-BR-3 breast cancer cells with 10 ng/ml IL-6 (Honma 
et al., 2002). However these authors did not examine cell proliferation and only reported on an 
increase in aromatase activity after treatment.  




investigate the activation of cell signalling pathways in response to adiponectin or IL-6 
exposure. Time-constraints have however not permitted to investigate such a 
connection. 
 
In the study presented here, TNF-α was preferred over IL-6 for further investigation as 
IL-6 lacked the ability to increase proliferation in either breast cancer cells. IL-6 
however is the only factor that has been observed to induce an autocrine loop of cell 
proliferation
4
 (Sansone et al., 2007). In this study, MCF-7 breast cancer cells, which did 
not secrete IL-6 at baseline, were treated with 10 ng/ml IL-6 for 24 h, after which the 
cytokine was withdrawn and the cells continued to grow. Two weeks after treatment, 
MCF-7 cells produced IL-6 themselves and displayed a highly invasive phenotype. If 
the cells were treated with an IL-6 antibody, this effect was not observed, indicating that 
this increase in invasiveness was IL-6 dependent. Thus a short-term challenge with IL-6 
triggered a sustained IL-6 driven autocrine loop in these cells, which greatly increased 
their malignancy (Sansone et al., 2007). 
 
6.4.3 Rationale for the approach 
Together with oestrogen, insulin, leptin and TNF-α, adiponectin and IL-6 are the other 
factors identified as most likely to mediate the obesity-postmenopausal breast cancer 
link (Housa et al., 2006; Lorincz and Sukumar, 2006). Therefore the influence of these 
two adipokines on cell proliferation in MDA-MB-231 breast cancer cells, MCF-10A 
breast epithelial cells and SK-BR-3 breast cancer cells was examined. Different from 
the other adipokines used in the study presented here, adiponectin concentrations 
                                                 
4
 The idea of a self-sustained autocrinic loop is hypothesised in section 8.5 




(250 ng/ml and 500 ng/ml) were below the physiological concentrations identified 
(3 μg/ml-30 μg/ml; Heliovaara et al., 2006). The chosen adiponectin concentrations 
were chosen as they were found to decrease cell proliferation in MCF-7, T47D and 
SK-BR-3 breast cancer cells (Dieudonne et al., 2006; Arditi et al., 2007, Grossmann 
et al., 2008). Subsequently Dos Santos and colleagues (2008) observed that adiponectin 
decreased cell proliferation in MDA-MB-231 breast cancer cells incubated in serum-
free medium only at concentrations <25 ng/ml. Higher concentrations led to a decrease 
in adiponectin receptor protein expression and the authors suggested that consequently 
adiponectin signalling was inhibited (Dos Santos et al., 2008).  
 
Serum IL-6 concentrations in obese (mean BMI=35.6 kg/m
2
) patients with metabolic 
syndrome (according to IDF criteria) was 3.2 pg/ml (Gnacinska et al., 2010). IL-6 
concentrations used in the study presented here (10 ng/ml) were about 312-times higher 
than physiological concentrations, which was in accordance with the used insulin 
concentrations. The chosen IL-6 concentration was used in one study, where cell 
proliferation in T47D breast cancer cells decreased (Badache and Hynes, 2001). 
 
Chapter 7 
Insulin part 2 




7 INSULIN PART 2 
In this chapter the results of additional experiments after 100 nM insulin treatment are 
presented. Several additional methods to examine cell proliferation and cell signalling 
pathway activation were attempted to confirm findings presented in chapter 3. 
Furthermore several additional experiments, i.e. measurement of apoptosis and gene 
expression changes, are presented. It was aimed to increase the understanding of the 
contribution insulin may make on the link between obesity and postmenopausal breast 
cancer. Therefore the effect of high insulin concentrations on cell proliferation, cell 
signalling pathway activation, apoptosis and gene expression changes in MDA-MB-231 




In chapter 3 it was suggested that high insulin concentration may affect breast cancer 
progression or aetiology and thus play a role in the molecular mechanism linking 
obesity and postmenopausal breast cancer (see section 3.4). It was observed that only in 
non-cancerous MCF-10A breast epithelial cells, insulin treatment increased cell 
proliferation, when measured using the BrdU incorporation assay. In order to validate 
these findings, several additional methods to estimate changes in cell proliferation were 
employed in the study presented here. The first of which was employment of the 
MTT-assay, which assesses the metabolic rate of cells measuring the turn-over rate of 
MTT, by mitochondrial reductases
1
. A comparison study evaluating the BrdU- and 
MTT-assays found high correlation between the two assays (Wagner et al., 1999), 
                                                 
1
 See materials and methods section 2.2.2 for further particulars on this assay. 




despite the similarity in these results and the similarity in the methodological approach 
however, it should be emphasised that what is measured in these assays is very different 
(DNA-replication vs. mitochondrial metabolism). The second additional method 
measured the protein expression of two protein markers, whose expression is positively 
correlated to cell proliferation. Proliferating cell nuclear antigen (PCNA) is a protein 
involved in DNA replication, linking DNA polymerases to a DNA strand. PCNA is 
expressed in proliferating cells only, thus its expression can be used to assess cell 
proliferation in response to insulin treatment. Similarly a newly synthesised mouse 
monoclonal antibody, JC-1, recognises a nuclear antigen present only in proliferating 
cells and absent in resting cells (Garrido et al., 1992). Monoclonal antibodies against 
PCNA and the JC-1 antibody, as part of Western Blotting, were used to assess 
proliferation after insulin treatment in the cell culture model.  
 
In chapter 1 it was hypothesised that any intra-cellular signalling initiated by insulin in 
breast cancer cells will utilise the MAP-kinase cell signalling pathway in order to exert 
a proliferative response, which could be the underlying mechanism in the link between 
obesity and breast cancer (see section 1.6.2 and 1.7). In chapter 3 it was observed that 
insulin treatment increased phosphorylation of ERK1/2, a member of the MAP-kinase 
cell signalling pathway, in MDA-MB-231 breast cancer cells and MCF-10A breast 
epithelial cells, but decreased ERK1/2-phosphorylation in SK-BR-3 breast cancer cells 
(section 3.3.3.1). Phosphorylation of ERK1/2 in response to insulin treatment was 
therefore also assessed using antibodies specific for phosphorylated ERK1/2 and total 
ERK1/2 in MDA-MB-231 breast cancer cells after treatment with 100 nM insulin.  
 




Apoptosis is the process to initiate cell death after recognition of an apoptotic signal, 
either extra- or intra-cellular. Recognition of irreparable DNA damage for example is 
one of the intra-cellular signals inducing apoptosis. Aberrant genome restructuring is a 
notable event in cancer progression and in order to sustain cancer survival, 
circumvention of apoptosis-initiating and -mediating factors has to be accomplished. 
Certain proteins involved in initiating and mediating apoptosis are known as tumour 
suppressors, the most well-known of these is probably TP53, which has been observed 
to be inactivated in almost 50% of all cancers (Harris and Hollstein, 1993). Other than 
disrupting the apoptotic signalling, cancers may evade apoptosis by increased 
expression and activation of negative regulators of apoptotic signalling, i.e. BCL-2. 
Using this latter mechanism apoptosis can be suppressed by endocrine factors such as 
insulin (Gupta et al., 2002). Thus an additional mechanism by which insulin may 
promote cancer aetiology and progression is suppression of apoptosis.  
 
In order to assess the change in apoptosis in the cell culture model after insulin 
treatment, two investigative methods were employed. The first used flow cytometry to 
detect phosphatidylserine (PS) on the cell surface. In healthy cells, PS is located at the 
cytosolic side of the cell membrane. During apoptosis initiation, this asymmetry is lost 
and PS is exposed on both sides of the cell membrane. Annexin-V is a phospholipid 
binding protein with high affinity to PS. In the utilised assay, Annexin-V is conjugated 
with FITC a fluorescent dye. In addition the used assay also contains 7-AAD dye, a 
fluorescent dye, which stains the nuclear membrane, but not the cell membrane 
(similarly to Trypan Blue, as explained in footnote 2 in chapter 6). Thus only cells with 
compromised cell membranes, as present in late apoptotic and necrotic cells, will 




contain high 7-AAD staining. Detection of these two fluorochromes allows assessment 
of early apoptotic (Annexin-V) and late apoptotic or necrotic cells (7-AAD). The 
second method examines the gene expression of BCL-2, an anti-apoptotic protein. The 
exact mechanism of BCL-2’s anti-apoptotic properties is still being evaluated, a role in 
the activity of the mitochondrial apoptosis-induced channel however has been suggested 
(Dejean et al., 2006). Given its negative correlation with apoptosis an increase in BCL-
2 expression would correlate to a decrease in apoptotic rate. 
 
The downstream events of both PI3-kinase and MAP-kinase cell signalling pathways 
include the activation of transcription factors. While the role of AKT and PI3-kinase in 
the activation of transcription has not been fully evaluated (Scheid and Woodgett, 
2001b), ERK1/2 itself is a transcription factor. In addition ERK1/2-phosphorylation 
also activates several other transcription factors, including ribosomal protein S6 
(Lenormand et al., 1996) and CREB (Sato et al., 1997). As such it would be expected 
that activation of these pathways should result in changes in gene expression and these 
changes may be responsible for mediating any potential observations of increased cell 
proliferation, inhibition of apoptosis or cell cycle progression. A microarray analysis 
allows to examine the expression of a number of genes in a given cell sample. Here the 
results of a microarray analysis after treatment with 100 nM insulin are presented. The 
chosen microarray examined the expression of 114 genes, thought to be involved in 
progression and aetiology of cancer. As such the manufacturer (SABiosciences) called 
this particular array their Human Cancer PathwayFinder
™
 array. The manufacturer 
groups the examined genes in six functional groupings. The groups describe genes 
involved in: 1) cell cycle control and DNA damage repair, 2) apoptosis and cell 




senescence, 3) signal transduction molecules and transcription factors, 4) adhesion, 5) 
angiogenesis and 6) invasion and metastasis. While being cost and time effective in 
allowing assessment of a large number of genes, the array experiments were nonetheless 
fiscally challenging to the project. It was consequently decided not to repeat the 
presented experiment, thus only allowing for a qualitative overview of the gene 
expression changes and the results should therefore be taken as indicators of gene 
expression changes rather than as quantitative measurements. As such the main findings 
reported in this chapter are indicated by arrows rather than fold-changes. 
 
In chapter 3 results on the effect of insulin on cell cycle progression were presented 
(section 3.3.5). The utilised method examined DNA content to evaluate the distribution 
of the cell population sample across the cell cycle stages. Complementarily the gene 
expression of two proteins, cyclin D and cyclin E, involved in regulating cell cycle 
progression is reported in this chapter. Complexion of cyclin D with cyclin dependent 
kinase 4 (CDK4) and cyclin E with CDK2 is necessary for cell cycle progression from 
G1-phase to S-phase (Grana and Reddy, 1995). The cyclin D/CDK4 complex is thought 
to promote the actual G1-phase to S-phase transition, while cyclin E/CDK2 sustains 
progression through S-phase (Sanchez and Dynlacht, 2005). Another function of the 
cyclin E/CDK2 complex is thought to be initiation of the progression of cell cycle from 
G0- to S-phase (Welcker and Clurman, 2005). Thus gene expression of cyclin D and 
cyclin E can provide insights into the cell cycle progression in the cell culture model. 
Additionally, gene expression of cyclin D and cyclin E is also measured in the array 
experiment. Thus these additional experiments on cyclin D and cyclin E gene 
expression may act as measures of the validity of the microarray results.  




7.2 Materials and Methods 
7.2.1 Cell lines and insulin treatment 
MDA-MB-231, MCF-10A and SK-BR-3 cells were cultured and treated as described in 
Materials and Methods sections 2.1.1 and 2.1.2. Formulation of insulin treatment 
medium and final insulin treatment concentration is described in Materials and Methods 
section 2.1.3.1.  
 
7.2.2 Cell proliferation 
7.2.2.1 MTT-assay  
In addition to detecting cell proliferation by measuring incorporation of BrdU, 
MDA-MB-231’s ability to metabolise MTT in response to insulin treatment was 
assessed. MDA-MB-231 cells were plated in 96-well at a density of 5000 cells/well and 
incubated for 24 h at 37°C. After this initial incubation all medium was removed and 
cells were washed in PBS. Then cells were re-supplemented with serum-free medium 
and incubated for an additional 24 h at 37°C. After incubation in serum-free medium, 
medium was removed from all wells and cells were washed in PBS. Control wells were 
re-supplemented with serum-free medium or growth medium. Treatment wells were re-
supplemented with treatment medium or 100 nM insulin in growth medium. Plates were 
then incubated for either 20 h or 42 h. After this MTT (final concentration 1 mg/ml) was 
added to wells and plates were incubated for an additional 4 h, without removal of 
treatment medium, resulting in a total treatment time of 24 h and 48 h, respectively. 
Then Formazan production was assessed as described in Materials and Methods section 
2.2.2. Three experiments were performed for MDA-MB-231 cells for 24 h and three for 
48 h treatment. Each experiment contained six wells for each treatment (i.e. six for 
control, six for “FCS”, and six for “insulin”, six for “insulin + FCS”).  




7.2.2.2 Expression of proteins related to cell proliferation 
In addition to examining cell proliferation using BrdU incorporation as described in 
chapter 3, cell proliferation changes after insulin treatment were also examined using 
protein expression changes of cell proliferation marker PCNA and the target for JC-1.  
 
MDA-MB-231 breast cancer cells or MCF-10A breast epithelial cells were plated in 
60 mm
2
 dishes at a density of 1 x 10
6
 cells/dish and incubated for 24 h at 37°C. After 
this, cells were washed once in PBS and re-supplemented with serum-free medium. 
Incubation in serum-free medium lasted for 24 h. After incubation in serum-free 
medium, medium was replaced with 100 nM insulin treatment medium and cells were 
treated for 24 h or 48 h. After treatment, protein was extracted and Western Analysis 
was performed as described in section 2.6. Three experiments examining expression of 
PCNA and two experiments examining the expression of the target for JC-1 were 
performed.  
 
7.2.3 Cell signalling pathway activation  
In addition to examining MAP-kinase pathway activation in response to insulin 
treatment using cell signalling pathway ELISA assays (see section 2.3), 
ERK1/2-phosphorylation was also examined using western blotting as described in 
sections 7.2.2.2 and 2.6. Three experiments were performed with insulin incubations 
between 15 min, 30 min and 60 min. At each time point, proteins were extracted from 
two dishes, thus creating two replicates for each time point. Additionally proteins from 
two dishes were extracted after incubation in serum-free medium and acted as control.  
 





7.2.4.1 Flow cytometry 
Cells were plated in 6-well plates at 75 x 10
4
 cells/well and incubated for 24 h at 37°C. 
After the initial incubation, medium was removed, cells were washed with PBS and re-
supplemented with serum-free medium. Incubation in serum-free medium lasted for 
24 h. After incubation in serum-free medium, medium was removed, cells were washed 
in PBS and re-supplemented with 100 nM insulin treatment medium. Treatment time 
was either 5 h or 24 h. After treatment, cells were collected and analysed as described in 
section 2.8.2. Three experiments were performed for each timepoint. Each experiment 
had two wells (samples) treated identically, two wells with growth medium (+FCS), two 
with serum-free medium (NO FCS) and two with treatment medium (Insulin). Each 
replicate was analysed once on the flow cytometer, resulting in six measurements for 
each treatment. Each control and treatment was re-expressed as percentage of the 
averaged control value of that experiment. 
 
7.2.4.2 Gene expression of BCL-2 
MDA-MB-231 breast cancer cells and MCF-10A breast epithelial cells were plated at a 
density of 1 x 10
6
 cells/dish in 60 mm
2
 dishes and incubated for 24 h. After this initial 
incubation, medium was removed, cells were washed once in PBS re-supplemented 
with serum-free medium. Cells were incubated in serum-free medium for 24 h before 
being treated for between 15 min and 120 min with 100 nM insulin. RNA was extracted 
as described in section 2.7.2.1 and RT-PCR was performed as described in section 
2.7.2.2.  
 




7.2.5 Expression changes of CancerPathway™ genes 
A profile of changes in gene expression after treatment with high concentrations of 
insulin was examined using a microarray assay. The procedure of this analysis is 
described in detail in Materials and Methods section 2.7.1. A single experiment was 
performed for MDA-MB-231 cells and MCF-10A cells. For each cell line two arrays 
were analysed, one control, one after 60 min treatment with 100 nM insulin. The array 
controls for each gene by hybridising in four distinct spots. Analysis was performed as a 
single densitometry value from four replicates. Internal gene expression controls, 
examining the expression of “housekeeping” genes were used to adjust for background 
and normalise the “control” and “treatment” array. As only one array was performed, no 
statistical test was performed to analyse the significance of the observed expression 
changes. 
 
7.2.6 Gene expression of cyclin D and cyclin E 
In addition to changes in distribution of cell population across cell cycle stages using 
flow cytometry, cell cycle changes were also assessed by examining the change in 
expression of cell cycle genes cyclin D and cyclin E in response to high concentrations 
of insulin. MDA-MB-231 breast cancer cells, MCF-10A breast epithelial cells and 
SK-BR-3 breast cancer cells were plated, incubated in serum-free medium and treated 
as described in section 7.2.4.2, section 2.7.2.1 and 2.7.2.2. 





7.3.1 Additional measurements of the effects of insulin on cell proliferation 
7.3.1.1 Changes in cell proliferation by MTT-analysis 
Assessment of changes in cell proliferation using MTT metabolism was assessed only 
in MDA-MB-231 breast cancer cells. Differently from previously presented data, MTT 
metabolism was assessed after treatment with different concentrations of insulin 
(50 nM, 100 nM, 150 nM). Different from assessment with BrdU-incorporation assay, 
cells were also treated in growth medium (+FCS) supplemented with insulin at the 
indicated concentrations
2
. The rate of MTT metabolism was assessed after 24 h or 48 h 
of treatment (Figure 7-1).  
 
Formazan formation in MDA-MB-231 breast cancer cells did not change after 24 h of 
insulin treatment in serum-free medium with any examined insulin concentration 
(Figure 7-1, A). Treatment with insulin in growth medium increased Formazan 
production by 11% (p=0.041) and 15% (p=0.004) after treatment with 100 nM insulin 
and 150 nM insulin for 24 h, respectively (Figure 7-1, B). Formazan production did not 
change after treatment with increasing insulin concentrations for 48 h in either serum-
free medium or growth medium (Figure 7-1, C, and D). 
                                                 
2
 See Appendix section 9.1.2 for a comparison of cells incubated in serum-supplemented vs. 
serum-free medium. 




























































































































Figure 7-1: Changes in cell proliferation in MDA-MB-231 breast cancer cells after treatment 
with insulin for 24 h (A, B) or 48 h (C, D) as assessed with the MTT-assay. Treatment medium 
consisted either of insulin-supplemented serum-free medium (NO FCS, A, C, blue) or of 
insulin-supplemented growth medium (+ FCS, B, D, dark blue), the composition of which can 
be found in section 2.1.2 and 2.1.3. Bars represent Formazan production in relation to the 
respective control and expressed as a percentage thereof. Error bars represent ± SEM of three 
experiments, with six replicates, i.e. 18 data points for each bar.  
*significance value compared to control, obtained using Dunnett’s post-hoc t-test following 
univariate analysis of variance (*0.05>p>0.01; **0.01>p>0.001) 




7.3.1.2 Effect of insulin on expression of cell proliferation protein markers 
The expression of markers of cell proliferation PCNA and JC-1 in response to insulin 
treatment was assessed in MDA-MB-231 breast cancer cells. PCNA expression was 
also assessed in MCF-10A cells in response to insulin treatment. Protein expression was 
assessed using Western Blotting Analysis.  
 
In MDA-MB-231 breast cancer cells, PCNA expression increased significantly by 53% 
after 30 min (p=0.016) treatment with 100 nM insulin. No significant change was 
observed after treatment for 60 min (p=0.086) or 120 min (p=0.411, Figure 7-2, A). In 
MCF-10A breast epithelial cells PCNA expression did not significantly change after 
30 min (p=0.57), 60 min (p=0.991) or 120 min (p=0.997) of treatment with 100 nM 
insulin (Figure 7-2, B). Representative raw data and antibody specificity control can be 
found in Appendix section 9.4.1. 
 
In MDA-MB-231 breast cancer cells, JC-1 expression did not significantly change after 
treatment for 30 min (p=0.808), 60 min (p=0.283) or 120 min (p=0.787) with 100 nM 
insulin (Figure 7-3). Representative raw data and antibody specificity control can be 
found in Appendix section 9.4.2. 
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Figure 7-2: Changes in expression of PCNA after treatment with 100 nM insulin in A) 
MDA-MB-231 breast cancer cells and B) MCF-10A breast epithelial cells. Bars represent 
protein expression of PCNA in relation to control and expressed as a percentage thereof. Error 
bars represent ± SEM of three experiments with two replicates, i.e. six data points for each bar. 
*Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 
univariate analysis of variance (*0.05>p>0.01) 
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Figure 7-3: Changes in expression of JC-1 after treatment with 100 nM insulin in MDA-MB-
231 breast cancer cells. Bars represent protein expression of JC-1 in relation to control and 
expressed as a percentage thereof. Error bars represent ± SEM of two experiments with two 
replicates, i.e. four data points for each bar. Results were compared to control, using Dunnett’s 
post-hoc t-test following univariate analysis of variance. 




7.3.2 Effect of insulin on activation of MAP-kinase cell signalling pathway in 
breast cancer cell determined by western analysis 
In MDA-MB-231 breast cancer cells, phosphorylation of ERK1/2, as measurement of 
activation of the MAP-kinase cell signalling pathway, was assessed using western 
blotting in addition to its assessment described in section 3.3.3.  
 
In MDA-MB-231 breast cancer cell, ERK1/2-phosphorylation increased 
non-significantly by 54% after 15 min (p=0.439) treatment, by 17% after 30 min 
(p=0.953) treatment and decreased non-significantly after 60 min (p=0.993) treatment 
with 100 nM insulin (Figure 7-4). Representative raw data and antibody specificity 








































Treatment time [min] 
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Figure 7-4: Changes in ERK1/2-phosphorylation after 100 nM insulin treatment in 
MDA-MB-231 breast cancer cells using western analysis. Bars represent percentage of 
ERK1/2-phosphorylation in relation to control and expressed as a percentage thereof. 
ERK1/2-phosphorylation was normalised against total ERK1/2 expression. Error bars represent 
± SEM of three experiments with two replicates, i.e. six data points for each bar. Results were 
compared to control, using Dunnett’s post-hoc t-test following univariate analysis of variance. 




7.3.3 The effect of insulin on apoptosis in breast cancer 
7.3.3.1 Detection of Annexin-V in early apoptotic and 7AAD-staining in late 
apoptotic cells by flow cytometry 
Data was acquired by subjectively determining an Annexin-V or 7-AAD low cut-off 
point in the untreated cell distribution (Control)
3
. Only cells for which Annexin-V 
detection or 7-AAD staining was above this point were counted. The flow cytometry 
software then provided a percentage of the total cell sample (10000 cells were counted 
in each sample), which were above the cut-off point. The percentage of cells obtained 
for control was determined as standard from which percentage change of Annexin-V 
detection and 7-AAD staining were calculated. Cut-off values, once established, were 
retained for all three experiments. Further controls, cells treated with 3% Formaldehyde 
for 30 min and cell grown in growth medium for the duration of the treatment (see 
Appendix section 9.3.3.2), were included in aid of determining the cut-off point. 
 
In MDA-MB-231 breast cancer cells, treatment with 100 nM insulin did not 
significantly change Annexin-V detection or 7-AAD staining after 5 h or 24 h treatment 
(Figure 7-5, A). Annexin-V detection decreased non-significantly by 4% after 5 h 
(p=0.661) and by 6% after 24 h (p=0.298) with 100 nM insulin. The amount of cells 
with high levels of 7-AAD staining decreased non-significantly by 8% after 5 h 
(p=0.441) and increased non-significantly by 6% after 24 h (p=0.136) treatment with 
100 nM insulin (Figure 7-5, B).  
 
In MCF-10A breast epithelial cells, Annexin-V detection did not change significantly 
after 5 h (p=0.963) and decreased significantly by 13% after 24 h (p=0.037) treatment 
                                                 
3
 See Appendix section 9.3.2 for a representative raw-data output file.  




with 100 nM insulin (Figure 7-5, C). The amount of cells with high level of 7-AAD 
staining did not change significantly after 5 h (p=0.48) or 24 h (p=0.95) treatment with 
100 nM insulin (Figure 7-5, D).  
 
In SK-BR-3 breast cancer cells, Annexin-V detection did not change significantly after 
5 h (p=0.99) or 24 h (p=0.096) treatment with 100 nM insulin (Figure 7-5, E). The 
percentage of cells with high levels of 7-AAD staining did not change after 5 h 
(p=0.552) and increased significantly by 9% after 24 h (p=0.024) of 100 nM insulin 
treatment (Figure 7-5, F).  







































































































































































































Figure 7-5: Changes in Annexin-V detection (A, C, E) and 7-AAD staining (B, D, F) after 
100 nM insulin treatment for 5 h or 24 h in A, B) MDA-MB-231 breast cancer cells, C, D) 
MCF-10A breast epithelial cells and E, F) SK-BR-3 breast cancer cells. Bars represent 
percentage of cells above lower cut-off point in flow cytometry histogram (see Appendix 
section 9.3.2) in relation to control and expressed as a percentage thereof. Error bars represent ± 
SEM of three experiments with two replicates, i.e. six data points for each bar.  
*Significance value compared to control of the same treatment time, obtained using Dunnett’s 
post-hoc t-test following univariate analysis of variance (*0.05>p>0.01) 




7.3.3.2 Effect of insulin treatment in gene expression of BCL-2 as a measure of 
apoptosis in breast cancer 
In MDA-MB-321 breast cancer cells and MCF-10A breast epithelial cells the 
expression of BCL-2 after treatment with 100 nM insulin was assessed. BCL-2 is an 
anti-apoptotic marker, which would increase, if insulin decreases apoptosis. Thus it 
could provide additional information in combination with apoptosis flow-cytometry 
results. 
 
In MDA-MB-231 breast cancer cells, BCL-2 gene expression increased 
non-significantly by 16% after 30 min (p=0.322) insulin treatment and by 18% after 
60 min (p=0.233) treatment with 100 nM insulin (Figure 7-6, A). In MCF-10A breast 
epithelial cells, BCL-2 gene expression did not change after 15 min (p=0.99) treatment, 
30 min (p=0.765) treatment, 60 min (p=0.676) treatment or 120 min (p=0.917) 
treatment with 100 nM insulin (Figure 7-6, B). A non-significant trend suggests a 
maximum increase in BCL-2 gene expression after 60 min of insulin treatment. A 
representative gel-picture of the BCL-2 PCR-product can be found in Appendix section 
9.5.1. 
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Figure 7-6: Changes in BCL-2 gene expression after treatment with 100 nM insulin in A) 
MDA-MB-231 breast cancer cell and B) MCF-10A breast epithelial cells. Bars represent 
percentage of BCL-2 expression in relation to control and expressed as a percentage thereof. 
Error bars represent ± SEM of three experiments with two replicates, i.e. six data points for each 
bar. Results were compared to control, using Dunnett’s post-hoc t-test following univariate 
analysis of variance. 
 




7.3.4  Effect of insulin on CancerPathway gene expression 
Microarray analysis showed changes in gene expression after treatment with 100 nM 
insulin for 60 min. The gene expression changes of 114 genes were examined in 
MDA-MB-231 breast cancer cells and MCF-10A breast epithelial cells. The microarray 
also examined thirteen control genes (see Table 9-2 in the Appendix), which were used 
to normalise control membranes and treatment membranes. The examined genes were 
grouped by the microarray manufacturer (SABiosciences) according to function. The 
main changes in gene expression are summarised in Table 7-1 grouped according to the 
six functional groupings suggested by the microarray manufacturer. These genes were 
selected, if at least a two-fold increase in either cell line was observed. Arrows were 
used to visualise gene expression changes to emphasise that the obtained results were 
not subject to statistical evaluation. A full list of all genes examined with their raw data, 
as obtained after densitometry can be found in Appendix section 9.6.  




Table 7-1: Main changes in gene expression after treatment for 60 min with 100 nM insulin in 
MDA-MB-231 breast cancer cells and MCF-10A breast epithelial cells compared to control, 
analysed by CancerPathway microarray  
↓/↑ decrease/increase after insulin treatment 
↔ no change after insulin treatment 
ND no expression detected in control and treatment array 
 
Cell Cycle control & DNA Damage Repair 
Gene description MDA-MB-231 MCF-10A 
Breast cancer 1, early onset ↑ ND 
Breast cancer 2, early onset ↓ ↔ 
Cyclin E1 ↑ ↔ 
Cell division cycle 25 homolog A (S. pombe) ↔ ↑ 
Cyclin-dependent kinase 2 ↓ ↔ 
Cyclin-dependent kinase 4 ↔ ↑ 




Apoptosis and Cell Senescence 
Gene description MDA-MB-231 MCF-10A 
Apoptotic peptidase activating factor 1 ↓ ND 
BCL2-antagonist of cell death ↓ ND 
B-cell CLL/lymphoma 2 ↑ ↔ 
BCL2-like 1 ↑ ND 
Baculoviral IAP repeat-containing 5 (survivin) ↔ ↑ 
Caspase 8, apoptosis-related cysteine peptidase ↓ ND 
Tumor necrosis factor receptor superfamily, member 1A ↔ ↓ 




Signal Transduction Molecules and Transcription Factors 
Gene description MDA-MB-231 MCF-10A 
V-akt murine thymoma viral oncogene homolog 1 ↓ ↑ 
V-erb-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma 
derived oncogene homolog (avian) 
↔ ↑ 
V-Ets erythroblastosis virus E26 oncogene homolog 2 (avian) ↑ ND 
V-fos FBJ murine osteosarcoma viral oncogene homolog ↔ ↑ 
Jun oncogene ↑ ↑ 
Mitogen-activated protein kinase kinase 1 ↓ ↔ 
Phosphoinositide-3-kinase, regulatory subunit 1 (alpha) ↔ ↑ 





Gene description MDA-MB-231 MCF-10A 
CD44 molecule (Indian blood group) ↑ ↔ 
Integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3 receptor) ↔ ↑ 
Integrin, beta 5 ↑ ↑ 
Melanoma cell adhesion molecule ↓ ND 
 






Gene description MDA-MB-231 MCF-10A 
Angiopoietin 1 ↓ ND 
Brain-specific angiogenesis inhibitor 1 ↓ ND 
Collagen, type XVIII, alpha 1 ↑ ND 
Epidermal growth factor (beta-urogastrone) ↓ ND 
Epidermal growth factor receptor (erythroblastic leukemia viral (v-erb-b) oncogene 
homolog, avian) 
↑ ↑ 
Interferon, alpha 1 ↓ ↔ 
Interleukin 8 ↓ ↔ 
Platelet-derived growth factor beta polypeptide (simian sarcoma viral (v-sis) 
oncogene homolog) 
↓ ↔ 




Invasion and Metastasis 
Gene description MDA-MB-231 MCF-10A 
Matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type IV 
collagenase) 
↓ ↑ 
Non-metastatic cells 1, protein (NM23A) expressed in ↔ ↑ 
Non-metastatic cells 4, protein expressed in ↓ ↓ 
Plasminogen activator, urokinase receptor ↔ ↑ 
Serpin peptidase inhibitor, clade B (ovalbumin), member 2 ↔ ↑ 





Gene description MDA-MB-231 MCF-10A 
Ribosomal protein S27a ↔ ↑ 
HIV-1 Tat interactive protein 2, 30kDa ↔ ↑ 
Pinin, desmosome associated protein ↑ ↔ 




7.3.5 Effect of insulin on cyclin D and cyclin E gene expression in breast cancer 
In MDA-MB-231 breast cancer cells, cyclin D gene expression did not significantly 
change after 15 min (p=0.782), 30 min (p=0.081), 60 min (p=0.332) or 120 min 
(p=0.999) treatment with 100 nM insulin compared to untreated control (Figure 7-7, A). 
Cyclin E gene expression did not significantly change after 15 min (p=0.999), 30 min 
(p=0.972), 60 min (p=0.530) or 120 min (p=0.864) treatment with 100 nM insulin 
compared to untreated control (Figure 7-7, B). A representative gel-picture of the 
cyclin D and cyclin E PCR product can be found in Appendix sections 9.5.2 and 9.5.3, 
respectively. 
 
In MCF-10A breast epithelial cells cyclin D gene expression did not change after 
15 min (p=0.963), 30 min (p=0.409), 60 min (p=0.999) or 120 min (p=0.052) after 
treatment with 100 nM insulin compared to untreated control (Figure 7-7, C). Cyclin E 
gene expression did not change after 15 min (p=0.999), 30 min (p=0.992), 60 min 
(p=0.718) or 120 min (p=0.652) after treatment with 100 nm insulin compared to 
untreated control (Figure 7-7, D).  
 
In SK-BR-3 breast cancer cells, cyclin D gene expression increased by 18% after 
15 min (p=0.005) of treatment with 100 nM treatment compared to untreated control. 
Cyclin D gene expression did not significantly change after 30 min (p=0.895), 60 min 
(p=0.161) or 120 min (p=0.999) treatment with 100 nM treatment compared to 
untreated control (Figure 7-7, E). Cyclin E gene expression increased by 22% after 
15 min (p<0.001), by 19% after 30 min (p=0.001), by 17% after 60 min (p=0.003) and 




by 15% after 120 min (p=0.012) treatment with 100 nM insulin compared with 
untreated control (Figure 7-7, F). 
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Figure 7-7: Changes in gene expression of cyclin D (A, C, E) and cyclin E (B, D, F) after 
treatment with 100 nM insulin in A, B) MDA-MB-231 breast cancer cell, C, D) MCF-10A 
breast epithelial cells and E, F) SK-BR-3 breast cancer cells. Bars represent percentage of cyclin 
D and cyclin E gene expression in relation to control and expressed as a percentage thereof. 
Error bars represent ± SEM of three experiments with two replicates, i.e. six data points for each 
bar. 
* Significance value compared to control, obtained using Dunnett’s post-hoc t-test following 
univariate analysis of variance. (*0.05>p>0.01; **0.01>p>0.001; ***p<0.001), 





7.4.1 Additional effects of insulin treatment on human MDA-MB-231 breast 
cancer cells 
A number of additional experiments were performed using MDA-MB-231 breast cancer 
cells. In addition to analysing cell proliferation using BrdU-incorporation measurement 
of three other markers of cell proliferation was investigated, i.e. rate of metabolism of 
MTT and protein expression of cell proliferation marker PCNA and of the JC-1 antigen. 
Cell proliferation measured using the MTT-assay increased with 100 nM and 150 nM 
insulin treatment after 24 h in growth medium. No increase was observed with the 
standard treatment medium, following 24 h incubation in serum-free medium. No 
increase was observed after 48 h treatment in either medium (Figure 7-1). In chapter 3 
and references cited therein, it has been shown that the overall findings do not suggest 
an influence of insulin on MDA-MB-231 breast cancer cells. Using cells incubated in 
serum-free medium for 24 h (NO FCS), which is the same approach as used for the 
BrdU assay, no increase in proliferation, using the MTT-assay, was observed (Figure 
7-1). Performing the same experiment in cells retained in serum-supplemented medium 
for the duration of the experiment (+FCS) however increased cell proliferation. 
Incubation in serum-free medium was used to synchronise cell cycle of the examined 
cells, as cells incubated in serum-free medium arrest their cell cycle at the G1 stage (see 
Appendix section 9.3.3.1). Furthermore, incubation in serum-free medium decreased the 
exposure of the examined cells to other growth factors usually found in bovine serum. 
Thus any observed change can confidently be attributed to insulin action. The 
observation that insulin increases cell proliferation in serum-supplemented treatment 
medium may suggest a synergistic signalling mechanism of insulin and growth factors 
in the bovine serum supplement to stimulate growth. While this approach lacks the 




possibility of a scientific explanation, as it increases variables, which cannot be 
controlled for, it also indicates that insulin may play a part in cell cycle stimulation in 
combination with other factors. In addition a brief analysis of the foetal calf serum 
(FCS) using a clinical analyser to examine insulin concentration, showed no detectable 
traces of insulin (C. Rolland, personal communication). Thus it could be speculated that 
insulin alone is not able to increase cell proliferation, in combination with FCS growth 
factors however cell proliferation occurs. The effect was only observed after 24 h 
treatment and not after 48 h treatment. Additionally the actual increases were only 11% 
and 15% for 24 h with 100 nM and 150 nM insulin treatment, respectively, which might 
not reflect an effect that has significant physiological impact.  
 
Analysis of MDA-MB-231 cell proliferation using the BrdU assay showed a significant 
decrease in cell proliferation after 48 h of 100 nM insulin treatment (Figure 3-4). A 
similar result was not obtained using the MTT assay. No significant difference in cell 
proliferation after 48 h of 100 nM insulin treatment was observed (Figure 7-1). Thus the 
controversial finding that insulin may decrease cell proliferation in MDA-MB-231 
breast cancer cells was not supported by the MTT-analysis and further analysis may 
clarify the difference in the obtained results.  
 
In MDA-MB-231 breast cancer cells PCNA expression increased significantly after 
30 min treatment with 100 nM insulin. This experiment was performed using the usual 
approach of incubation in serum-free medium. It is the only experiment, whose results 
may be interpreted to indicate an increase in cell proliferation with insulin treatment 
alone in MDA-MB-231 breast cancer cells. All the other results examining cell 




proliferation (BrdU, MTT, and JC-1) did not indicate an increase. It was observed that 
MDA-MB-231 cells were affected by insulin treatment in several ways 
(AKT-phosphorylation, ERK1/2-phosphorylation, IR-phosphorylation, cell cycle 
changes, all in chapter 3). All these changes should be indicative of increased 
proliferation, yet, using several method to assess cell proliferation, this feature was not 
observed. Thus PCNA expression changes may fall into the same category of molecular 
changes with insulin that do not seem to have a physiologically proliferative effect. 
 
In MDA-MB-231 breast cancer cells, expression of the antigen detected by JC-1 did not 
change with 100 nM insulin treatment. The expression of the antigen detected by JC-1 
was very low in MDA-MB-231 breast cancer cells, sometimes barely above background 
values and as such the quantification process was challenging. This low expression may 
also account for the increased error, which, despite changes of almost 90% after 60 min 
of treatment, is the reason for the non-significance of the obtained findings (Figure 7-3). 
If detection of the proliferin antigen by JC-1 is desired a further optimisation of the 
western blotting procedure may yield quantifiable results. In addition protein expression 
of an additional cell proliferation marker, minichromosome maintenance protein 2 
(MCM2), was assessed. The MCM-protein family are regulators, involved in DNA 
replication and their concentration increases during cell growth making them viable 
markers for cell proliferation (Cho Mar et al., 2006). Additionally gene expression of 
MCM2 in MDA-MB-231 breast cancer cells had been detected previously (Moggs et 
al., 2005). Using western blotting, no protein expression of MCM2 in MDA-MB-231 
breast cancer cells was detected in the study presented here in treated or untreated 
MDA-MB-231 breast cancer cells. 




In MDA-MB-231 breast cancer cells no significant change in ERK1/2-phosphorylation 
after treatment with 100 nM insulin was observed (Figure 7-4). In chapter 3 significant 
increases in ERK1/2-phosphorylation after treatment with insulin were observed 
(section 3.3.3.1). The timeframe in that experiment however examined phosphorylation 
between 5 min and 20 min, while here phosphorylation of ERK1/2 was examined 
between 15 min to 60 min treatment. Despite the non-significant observation, total 
numbers indicate an increase after 15 min and a return to baseline after 60 min of 
treatment. Phosphorylation of ERK1/2 after 15 min of 100 nM insulin treatment was 
measured with both methods. The observed increased in ERK1/2-phosphorylation of 
95% was significant using the in vitro assay and was slightly lower at 54% increase 
using western blotting analysis, which did not reach significance. Taking the large error 
of the western blotting analysis into account, it may be concluded that a similar increase 
may have been observed. If the results of the two experiments are viewed in conjunction 
a time-dependent increase, with the maximum between 20 min and 30 min, in ERK1/2-
phosphorylation, followed by a return to baseline after 60 min of 100 nM treatment, is 
observed. As such the western data on ERK1/2-phosphorylation changes with insulin 
treatment do not contradict the findings of the in vitro analysis. As the observed 
increase in the western blotting analysis is however not significantly different from 
control, the western blotting results fail to supplement the significant findings of the 
ELISA assay results.  
 
In MDA-MB-231 breast cancer cells, no significant changes in cyclin D or cyclin E 
expression after treatment between 15 min and 120 min with 100 nM insulin were 
observed (Figure 7-7). These experiments were primarily used to supplement the 




findings of the cell cycle analysis presented in section 3.3.5. Those results showed an 
increase in S-phase population after treatment with 100 nM insulin for 24 h (Figure 
3-11). Gene expression of cyclin D shows a maximum after 30 min of treatment, the 
increase however is not significant. Similarly cyclin E shows a non-significant increase 
in gene expression after 60 min of treatment. In MDA-MB-231 breast cancer cells there 
is therefore no indication that insulin treatment may increase gene expression of cyclin 
D or cyclin E significantly. Progression from G1-phase to S-phase is cyclin D 
dependent with progression through S-phase also being dependent on cyclin E (Welcker 
and Clurman, 2005). Thus, assuming incubation in serum-free medium induced cell 
cycle arrest at the G1-phase and insulin being able to induce progression from G1-phase 
to S-phase (see Figure 7-8), one would expect an increase in cyclin D first as cell cycle 
progresses from G1-phase to S-phase, followed by an increase in cyclin E, the cell 
progresses through S-phase. Not having observed a significant increase in either cyclin 
expression one would expect that one of the assumptions is wrong, most likely that 
insulin does not increase progression from G1 to S-phase
4
. In the study presented here, 
changes in mRNA expression are measured, which may not necessarily translate equally 
to changes on the protein level. In section 3.3.5, it was observed that insulin increased 
S-phase population in MDA-MB-231 breast cancer cells, which was interpreted as 
constituting increased progression from G1-phase into S-phase. Thus the non-
significant findings from the cyclin gene expression changes do not contradict these 
findings, but not necessarily provide further support of this finding.  
 
                                                 
4
 Discussion on what happens, if the other assumption, i.e. incubation in serum-free medium 
failing to arrest cell cycle at G1-phase is attempted in section 8.8.2. 





Figure 7-8: Function of oscillating cyclin D concentration as regulatory switch of cell cycle 
progression. After progression for G1-phase into S-phase, cyclin D protein concentrations begin 
to decrease and stay low until G2-phase. In the presence of growth factors, such as potentially 
insulin, cyclin D concentrations start to increase and promote normal progression of the cell 
cycle into the next S-phase. In the absence of growth factors, such as after incubation in serum-
free medium, cyclin D concentrations do not increase in G2-phase and as a consequence the cell 
cycle arrests at the next transition from G1-phase to S-phase (adapted from Stacey, 2003).  
 
In MDA-MB-231 breast cancer cells, treatment with 100 nM insulin did not 
significantly change detection of Annexin-V or 7AAD-staining after 5 h or 24 h 
treatments. This suggests that insulin does not affect the apoptotic rate of 
MDA-MB-231 breast cancer cells. None of the other studies examining the effect of 
insulin on these cells have investigated its effect on apoptosis, thus there is no validation 
from other studies for this finding. This observation however fits with results shown in 
chapter 3 and in this chapter, which demonstrated that insulin treatment may not 
significantly affect cell proliferation in these cells.  
 
BCL-2 is a survival protein, inhibiting apoptotic signalling. Thus an increase in BCL-2 
expression corresponds to a decrease in apoptosis and its increased gene expression may 
provide insight to the effect insulin may have on these breast cancer cells. In 
MDA-MB-231 breast cancer cells BCL-2 gene expression did not significantly change 
after insulin treatment compared to untreated control (Figure 7-6). Thus an influence of 
insulin on apoptosis is increasingly unlikely. Furthermore there are no available 




publications reporting on the effect that insulin may have on apoptosis in 
MDA-MB-231 breast cancer cells. This could be because no one has yet examined this 





The microarray analysis indicated a number of gene expression changes after 60 min 
treatment with 100 nM insulin in MDA-MB-231 breast cancer cells (Table 7-1 and 
Appendix Table 9-1). Surprisingly BCL-2 expression was decreased and cyclin E 
expression was increased, which had not been observed measuring mRNA 
concentrations using RT-PCR. Likewise the expression of several genes, which are key 
indicators of cancer malignancy, was decreased, such as CDK-2, AKT, MEK1/2 and 
EGF. CDK-2 needs to complex with cyclin E to promote cell cycle progression through 
S-phase. It was also observed that AKT and MEK1/2 gene expression was also 
decreased after insulin treatment. These two kinases are crucially involved in PI3-kinase 
and MAP-kinase cell signalling. A major affector of cell proliferation, the epidermal 
growth factor (EGF), was also decreased. This may indicate that insulin could inhibit 
potential autocrine signalling of EGF on these cells, MDA-MB-231 breast cancer cells 
however do not overexpress HER2, so this idea is not particularly valuable. Expression 
of the epidermal growth factor receptor on the other hand was increased. This decrease 
                                                 
5
 Another apoptosis marker, caspase 3 and cleaved caspase 3, was examined after insulin 
treatment. Caspase 3 is one of the key players in initiating apoptosis. It needs to be cleaved in 
order to become activated. It was aimed to detect total caspase 3 and cleaved caspase 3 by 
western blotting in insulin treated and untreated samples to estimate the rate of caspase 3 
cleavage to gain insight to the effects of insulin on apoptotic rate of MDA-MB-231 breast 
cancer cells. No cleaved caspase 3 was detected after treatment in either sample. These western 
experiments were performed at the same time as detection of MCM-2 was pursued, which 
equally was not detectable and western blotting experiments were ceased at this point, as no 
results were obtained and reproducibility of existing results was poor. However further 
investigation of these markers may be worthwhile, using a more systematic optimising 
procedure, before quantifiable results are obtained.  




in expression of a number of key cancer promoting genes is unexpected. It may again be 
emphasised at this point that these results were not available to be subject to statistical 
scrutiny. These changes however do not seem as surprising in the light of no change of 
cell proliferation or apoptosis with simultaneous increases in AKT- and 
ERK1/2-phosphorylation in MDA-MB-231 breast cancer cells. Thus far from mediating 
a proliferative response, insulin may act as proliferation inhibitor in these cells, 
reducing several key genes involved in cancer progression, and thus maybe inhibiting 
crucial autocrine signalling in these cells. In fact one may be reminded of the observed 
decrease in proliferation observed after 48 h insulin treatment using BrdU incorporation 
(see section 3.3.1), which may add some credibility to a decrease in growth promotion 
of insulin on these cells.  
 
Combining the observations described in chapter 3 and in this chapter, insulin 
convincingly increases PI3-kinase and MAP-kinase cell signalling and may increase 
cell cycle progression and mediate a suppressive cancer pathway gene expression 
response in MDA-MB-231 breast cancer cells. Cell proliferation analysis resulted in 
conflicting findings. Using BrdU incorporation analysis, cell proliferation decreased 
after 48 h treatment (see section 3.3.1). Using the MTT assay cell proliferation 
increased, when cells were treated in full growth medium (+FCS) with 100 nM or 
150 nM insulin for 24h (see section 7.3.1.1). Additionally PCNA protein expression 
was increased after 30 min of treatment with 100 nM insulin (see section 7.3.1.2). Thus 
there were some conflicting results after treatment with insulin in MDA-MB-231 breast 
cancer cells, suggesting both growth promoting and growth inhibiting properties of 
insulin on these cells.  




7.4.2 Additional effects of insulin treatment on human MCF-10A breast 
epithelial cells 
Several additional methods testing the effect of high insulin concentrations on MCF-
10A breast epithelial cells were performed. Cell proliferation was assessed by 
examining expression of PCNA after insulin treatment. In MCF-10A breast epithelial 
cells, PCNA expression did not change after treatment with 100 nM insulin between 
30 min and 120 min (Figure 7-2). Cell proliferation increased by 184% after 24 h 
treatment using the BrdU incorporation assay (see section 3.3.1). Two hours may 
probably be too short a treatment time to significantly increase expression of PCNA. 
Alternatively insulin may increase cell proliferation in MCF-10A breast epithelial cells 
in a PCNA independent manner. Thus the presented PCNA analysis does not provide 
any additional confirmation to the effect of insulin on cell proliferation in MCF-10A 
breast cancer cells. Extending the currently employed treatment time of 120 min to 24 h 
may provide better estimation to the effect of PCNA on insulin-induced cell 
proliferation. 
 
In MCF-10A breast epithelial cells, cyclin D and cyclin E expression did not change 
after treatment with 100 nM insulin (Figure 7-7). Taken together with the flow 
cytometry results, which did not indicate an effect of insulin on the velocity of cell cycle 
progression (see section 3.3.5), there is no indication that insulin effects cell cycle 
progression in MCF-10A breast epithelial cells.  
 
In MCF-10A breast epithelial cells, detection of bound Annexin-V significantly 
decreased after 24 h treatment with 100 nM insulin, while 7AAD-staining was not 
affected (Figure 7-5). This suggests the conclusion that insulin may decrease early 




apoptosis in MCF-10A breast epithelial cells incubated in serum-free medium. The 
result of decreased apoptosis in MCF-10A cells support the findings from the BrdU-
incorporation assay in that the effect of insulin on promoting cell growth in MCF-10A 
cell is two-fold, by increasing cell proliferation and decreasing apoptotic rate. Both are 
key features of cancer cells, thus further suggesting that insulin may play a role in the 
possible carcinogenic transformation of MCF-10A cells. There was no change in the 
amount of cells with high 7-AAD staining, suggesting that insulin does not affect late 
apoptosis or necrosis in MCF-10A cells after 24 h of treatment. One may be interested 
in extending the treatment time to evaluate, if the insulin effect further translates when 
more cells enter late stages of apoptosis with increased incubation in serum-free 
medium time.  
 
In MCF-10A breast epithelial cells, BCL-2 expression did not change with 100 nM 
insulin treatment for between 15 min and 120 min (Figure 7-6, B). Thus initially the 
BCL-2 results do not support the results obtained from the Annexin-V expression 
analysis. Annexin-V expression however was not affected by insulin treatment after 5 h 
treatment (Figure 7-5), which was even longer than the maximum of 120 min treatment 
for BCL-2 gene expression. Thus potentially longer treatments may still provide an 
increase in BCL-2 that could support the anti-apoptotic effect of insulin on MCF-10A 
breast cancer cells.  
 
The CancerPathway microarray resulted in an increase in expression of seventeen genes 
compared to a decrease in expression of three genes after insulin treatment was 
observed (in MDA-MB-231 cells an increase in expression thirteen genes compared to a 




decrease in expression of sixteen genes). Among the notable gene expression increases 
was an increase in TNF-R, CDK-4, CDC-25 and EGF-R. This further suggests a more 
proliferative effect of insulin on MCF-10A breast epithelial cells compared to 
MDA-MB-231 breast cancer cells.  
 
Combining the observations documented in chapter 3 and this chapter, MCF-10A breast 
epithelial cells are highly responsive to a challenge by high insulin concentrations. High 
concentrations of insulin increased cell proliferation, increased PI3-kinase and MAP-
kinase cell signalling. Insulin may also promote an increase in cancer pathway gene 
expression and decrease apoptosis. In MCF-10A breast epithelial cells, high insulin 
concentrations did not have effect on cell cycle progression. 
 
7.4.3 Additional effects of insulin treatment on human SK-BR-3 breast cancer 
cells 
In SK-BR-3 breast cancer cells, Annexin-V expression and 7-AAD staining did not 
change after 5 h of 100 nM insulin treatment. Treatment for 24 h however increased 
detection of bound Annexin-V and 7-AAD staining, with the increase in 7-AAD 
staining being statistical significant. This may suggest that treatment with insulin for 
24 h may increase late apoptosis and necrosis in SK-BR-3 breast cancer cells. In the 
other results of the study presented here, insulin did not appear to have a growth 
promoting action on SK-BR-3 breast cancer cells. Cell proliferation and cell cycle 
progression were no affected by insulin treatment (see Figure 3-4 and Figure 3-11), 
while ERK1/2-phosphorylation was significantly decreased. Thus the combined 
findings would indicate a growth arresting and even apoptotic effect of insulin on 
SK-BR-3 breast cancer cells. Time constraints did not allow examining BCL-2 gene 




expression in SK-BR-3 breast cancer cells to back-up these observations with an 
additional method. It would indeed be worth pursuing, if these cells respond 
consistently with increased apoptotic rate to insulin treatment. The possibility for 
SK-BR-3 breast cancer cells to decrease growth promotion after insulin treatment may 
be explained by insulin disrupting an autocrine signalling loop in these cells. This may 
however not necessarily translate into insulin being protective of breast cancer, but 
merely that the high insulin concentrations used in the study presented here may have 
this particular effect on one single breast cancer cell line.  
 
In SK-BR-3 cells, gene expression of cyclin D was significantly increased after 15 min 
treatment with 100 nM insulin (Figure 7-7). Cyclin D is an activator of non-mitotic 
phases of the cell cycle. As such an increase in its expression could indicate a potential 
for insulin to increase cell cycle progression in SK-BR-3 breast cancer cells. On the 
other hand cell cycle analysis by flow cytometry did not indicate increased cell cycle 
progression with insulin treatment after 24 h (see section 3.2.5). It may however be 
difficult to conclude a connection of an increase in gene expression after 15 min 
treatment to cell cycle changes after 24 h treatment especially in the light that cyclin D 
expression did not change at any other examined treatment time. Similar to cyclin D 
gene expression increases, cyclin E gene expression increased in SK-BR-3 breast cancer 
cells between 15 min and 120 min treatment with 100 nM insulin. Cyclin E, when 
complexed with CDK-2, promotes cell cycle progression through S-phase. Surprisingly, 
even though the increase is non-significant, cell cycle analysis in chapter 3 showed a 
slight increase in G1-phase population with insulin treatment (Figure 3-11). Thus the 
increase in cyclin E and the cell cycle analysis are not conclusively promoting cell cycle 




progression. The difference in treatment time however may play an important role in 
these findings. Cyclin E expression is highest after 15 min of treatment and steadily 
declines up to 120 min of treatment. Similarly cyclin D expression was only 
significantly increased after 15 min of treatment. Thus insulin may act to increase cell 
cycle progression in the short-term in SK-BR-3 breast cancer cells. Hence cell cycle 
analysis at shorter treatment times may provide additional information to the short 
acting properties of insulin on cell cycle in SK-BR-3 breast cancer cells. An evaluation 
experiment after three and six hours of insulin treatment however did not indicate a 
significant change. On the other hand all changes that were observed in a number of 
experiments to this point did not show several-fold changes, but rather subtle ones. Thus 
further analysis is needed to determine changes in cell cycle after shorter treatment 
times in SK-BR-3 breast cancer cells. 
 
SK-BR-3 breast cancer cells were included in this study to provide some evaluation of 
the influence of the MAP-kinase pathway member mutation in MDA-MB-231 breast 
cancer cells. Many of the aspects of SK-BR-3’s different behaviour to MDA-MB-231 
cells following treatment with insulin however may not exclusively be explained by 
differences in MAP-kinase cell signalling, but may be caused by other differences in 
these cells, most notably the difference in expression of the erbb2-gene product, HER2 
(MDA-MB-231 low, SK-BR-3 high) Combining the observations described in chapter 3 
and this chapter high insulin concentrations increase PI3-kinase but decrease MAP-
kinase cell signalling pathways. Furthermore insulin may play a part in increasing cell 
cycle progression in these cells. Insulin did not have an influence on cell proliferation or 
apoptosis in these cells. As such their physiological response to insulin is similar to that 




of MDA-MB-231 breast cancer cells, some of the morphological changes are however 
different, most notably the opposite reaction of MAP-kinase pathway activation with 
insulin treatment (MDA-MB-231 cells increase, SK-BR-3 decrease), which may be 
explained by the MAP-kinase pathway member mutations in MDA-MB-231 breast 
cancer cells.  
 
7.5 Summary 
The study presented here, along with previous studies, suggests involvement of insulin 
resistance in breast cancer aetiology and progression. All cell lines were affected by 
insulin treatment. Insulin specifically increased growth of MCF-10A breast epithelial 
cells, by increasing cell proliferation and decreasing apoptosis. MDA-MB-231 breast 
cancer cells showed an increase in IR-phosphorylation and PI3-kinase and MAP-kinase 
cell signalling. In SK-BR-3 breast cancer cells insulin treatment significantly increased 
cyclin D and cyclin E gene expression. Thus there is much evidence to suggest that 
insulin alone is a key mediator of the molecular link between obesity and 








8.1 Chapter outline 
In the previous chapters, the necessity for further exploration of the molecular 
connections between obesity and postmenopausal breast cancer was established (chapter 
1). Then a description of the experimental approach was given (chapter 2). In the 
following the different results from the experimental approaches were described and 
briefly interpreted (chapter 3 to 7). In this chapter the data will be summarised and 
differences between cell lines and treatments pointed out to provide a most 
comprehensive overview of the results. An in-depth comparative review of the obtained 
results with findings in the literature will be omitted; key issues arising from the 
literature however will be discussed. These two points will be used to examine the 
investigated factors for their involvement in potentially mediating the increased risk of 
developing breast cancer in obese postmenopausal women. A potential mechanism, by 
which obesity may initiate and promote progression of breast tumours, will be 
hypothesised. Lastly the strength and weaknesses of the used experimental approach as 
far as not covered in the previous chapters will be demonstrated and unanswered or new 






8.2 Comparison of effect of insulin, leptin, TNF-α, IL-6 and adiponectin all 
cell lines 
In this section the results outlined in chapters 3 to 7 are compared to identify the 
obesity-related factor that is most influential in mediating cell proliferation, activation 
of cell signalling pathways, cell cycle progression and inhibition of apoptosis.  
 
8.2.1 Cell proliferation 
In MDA-MB-231 breast cancer cells, cell proliferation decreased after treatment with 
100 nM insulin after 48 h treatment (see Figure 3-4) and increased after treatment with 
100 nM leptin for 24 h treatment (see Figure 4-1). Both changes are rather subtle with 
18% decrease with insulin treatment and 21% increase with leptin. All other treatments 
(TNF-α, IL-6 (see footnote 1), adiponectin) did not change cell proliferation in 
MDA-MB-231 breast cancer cells. In MCF-10A normal breast epithelial cells, cell 
proliferation increased with insulin, leptin, TNF-α and IL-6 treatment. In terms of 
effectiveness of cell proliferation increases, insulin increased cell proliferation the most 
(184% increase), followed by TNF-α (26% increase) after 24 h of treatment. Leptin and 
IL-6 did not have an effect on cell proliferation after 24 h treatment. After 48 h of 
treatment insulin, TNF-α and IL-6 increased cell proliferation equally (34% increase for 
insulin and 38% increase for both TNF-α and IL-6). Leptin increased cell proliferation 
by 14% after 48 h treatment. All treatments increased cell proliferation (see Table 8-1). 
Adiponectin did not change cell proliferation significantly after 24 h or 48 h treatment. 
SK-BR-3 breast cancer cells showed a maximum increase in cell proliferation after 
treatment with 6.25 nM leptin treatment for 24 h and similarly for 48 h. In SK-BR-3 
breast cancer cells, cell proliferation increased by 31% and 59% after TNF-α treatment. 





Adiponectin decreased cell proliferation at both concentrations tested (250 ng/ml and 
500 ng/ml), but only after 24 h treatment (Table 8-1).  
 
Table 8-1: Summary of all changes in cell proliferation for all treatments and all methods. 
↑ increase, ↓ decrease, ↔ no change, NA not analysed 
 Insulin Leptin TNF-α Adiponectin IL-6 
Cell proliferation BrdU MTT MTT (+FCS) PCNA BrdU BrdU BrdU BrdU 
MDA-MB-231 ↓ ↔ ↑ ↑ ↑ ↔ ↔ ↑
1 
MCF-10A ↑ NA NA ↔ ↑ ↑ ↔ ↑ 
SK-BR-3 ↔ NA NA NA ↑
2 ↑ ↓ ↔ 
 
Thus there is no strong trend that would favour a particular adipokine or insulin as the 
main proliferative signal that could solely explain the link between obesity and breast 
cancer. Insulin increased proliferation, measured by BrdU-incorporation, only in MCF-
10A cells. Additional experiments however suggest that insulin may also increase 
proliferation in MDA-MB-231 cells. Leptin and IL-6 both increased proliferation in 
MDA-MB-231 cells and MCF-10A cells, but not in SK-BR-3 cells. Conversely TNF-α 
increased cell proliferation in MCF-10A and SK-BR-3 cells, but not MDA-MB-231 
cells. Adiponectin decreased cell proliferation only in SK-BR-3 cells. Thus different 
cells are differently affected by different adipokines and insulin, suggesting an 
individualised mechanism, by which obesity affects postmenopausal breast cancer, 
rather than a single common link. It also suggests that all examined factors may play a 
role in cell proliferation in these cells. 
                                                 
1
 Treatment of MDA-MB-231 breast cancer cells with 10 ng/ml IL-6 increased cell proliferation 
by 4% after 24 h treatment, which was statistical significant. However the low total increase 
was determined to not represent a physiological significant increase in proliferation (section 
6.4.2). 
2
 Cell proliferation increased only at low leptin concentrations than used for the majority of the 
other experiments. The maximum increase in cell proliferation was observed at 6.25 nM leptin 
treatment after 24 h and 48 h treatment. Statistically significant increases in cell proliferation 





8.2.2 Phosphoinositide-3 kinase pathway 
Phosphosinositide-3 kinase cell signalling pathway was activated by insulin, but not by 
leptin or TNF-α in MDA-MB-231 breast cancer cells. Activation of the PI3-kinase cell 
signalling pathway in MCF-10A cells increased after treatment with insulin, but not 
with leptin or TNF-α treatment. In SK-BR-3 breast cancer cells AKT-phosphorylation is 
significantly increased after treatment with insulin and TNF-α. The increase in 
AKT-phosphorylation was similar, with insulin treatment increasing 
AKT-phosphorylation by 67% after 5 min compared to control (Figure 3-6), while the 
AKT-phosphorylation increase after TNF-α treatment was 66% after 5 min (Figure 5-2). 
AKT-phosphorylation however was still significantly increased after 10 min and 20 min 
with insulin treatment.  
 
Table 8-2: Summary of all changes in AKT-phosphorylation for all treatments. ↑ increase, 
↓ decrease, ↔ no change 
AKT-phosphorylation Insulin Leptin TNF-α 
MDA-MB-231 ↑ ↔ ↔ 
MCF-10A ↑ ↔ ↔ 
SK-BR-3 ↑ ↔ ↑ 
 
Thus activation of the PI3-kinase pathway seem specific for insulin treatment in all cell 
lines, the degree of increase however was highest in MDA-MB-231 breast cancer cells 
(294% after 5 min), followed by MCF-10A (75% after 5 min) and SK-BR-3 (67% after 
5 min). This reflects the same patterns as observed for the IR-phosphorylation (Figure 
3-5), suggesting that IR-phosphorylation translates directly to increases in 
AKT-phosphorylation. Leptin did not affect AKT-phosphorylation in any cell lines, 
thus the PI3-kinase pathway may not be a target for leptin signalling in these cells. 





SK-BR-3 breast cancer cells and may mediate some of its effects, e.g. increase cell 
proliferation. A correlation between increased cell proliferation and increased 
AKT-phosphorylation, which would suggest PI3-kinase mediated cell proliferation, is 
observed in insulin treated MCF-10A cells and in TNF-α treated SK-BR-3 cells. Both 
treatments however also increased ERK1/2-phosphorylation, thus suggesting that, at 
least in part, their signal may be mediated through the MAP-kinase cell signalling 
pathway. 
 
8.2.3 Mitogen-activated protein kinase pathway 
In MDA-MB-231 breast cancer cells, ERK1/2-phosphorylation increased by 174% with 
insulin treatment after 20 min (section 3.3.3.1), but decreased by 20% with leptin 
treatment after 20 min (section 4.3.2) and by 22% with TNF-α treatment after 5 min 
(section 5.3.2). Using Western Blotting, ERK1/2-phosphorylation increased 
non-significantly by 54% after 30 min of insulin treatment (section 7.3.2). In MCF-10A 
breast epithelial cells, phosphorylation of ERK1/2 increased after treatment with 
insulin, leptin and TNF-α. In terms of amount of increase in activation, TNF-α increased 
ERK1/2-phosphorylation the most (144% increase; see section 5.3.2), followed by 
leptin (78% increase; see section 4.3.2) and insulin (29% increase; see section 3.3.3.1). 
In SK-BR-3 breast cancer cells, ERK1/2-phosphorylation increased by 47% after 5 min 
TNF-α treatment. Insulin treatment (24% decrease after 15 min) and leptin treatment 
(34% decrease after 15 min) decreased ERK1/2-phosphorylation significantly 





Table 8-3: Summary of all changes in ERK1/2-phosphorylation for all treatments and all 
methods. ↑ increase, ↓ decrease, ↔ no change, NA not analysed 
 Insulin Leptin TNF-α 
ERK1/2-phosphorylation ELISA Western ELISA ELISA 
MDA-MB-231 ↑ ↔ ↓ ↓ 
MCF-10A ↑ NA ↑ ↑ 
SK-BR-3 ↓ NA ↓ ↑ 
 
Thus there is a trend for all adipokines and insulin to increase phosphorylation of 
ERK1/2 in at least one cell line. Except for leptin-mediated increase in cell 
proliferation, all other observed increases in ERK1/2-phosphorylation correlate with an 
increase in cell proliferation, suggesting MAP-kinase cell signalling pathway activation 
to be responsible for the majority of adipokine and insulin induced increases in cell 
proliferation in these cell lines. There was however one anomaly in MDA-MB-231 
breast cancer cells, where increased ERK1/2-phosphorylation did not result in increased 
cell proliferation. Leptin treatment increased cell proliferation, yet 
ERK1/2-phosphorylation was decreased, suggesting that, as also AKT-phosphorylation 
was not affected, leptin induced cell proliferation through activation of a different 
pathway (see also section 4.4.1).  
 
8.2.4 Cell cycle 
In MDA-MB-231 breast cancer cells, cell cycle profiles changed with insulin treatment 
and TNF-α treatment, but not with leptin treatment. Insulin treatment increased S-phase 
population by 13% after 24 h treatment (see section 3.3.5), while 24 h TNF-α treatment 
decreased G1-phase population by 6% and S-phase population by 15% with a 
simultaneous 27% increase in the amount of cells with subG1 DNA content (section 





also suggested an increase in apoptosis after treatment, as the subG1 population 
increased significantly (see section 8.2.5 and 5.4.1). In MCF-10A breast epithelial cells 
no significant changes in distribution of cell population across cell cycle stages were 
observed with any of the examined treatments. In SK-BR-3 breast cancer cells insulin 
and did not significantly alter distribution of the cell population across cell cycle stages. 
Insulin however increased gene expression of cyclin D by 18% and cyclin E by 22% 
after 15 min of treatment (see section 7.3.5). Treatment with TNF-α significantly 
decreased S-phase population by 25% and G2-phase population by 24% in favour of a 
non-significant increase in subG1-phase population (see section 5.4.1)  
 
Table 8-4: Summary of all changes in cell cycle for all treatments and all methods. ↑ increase, 
↓ decrease, ↔ no change 
 Insulin Leptin TNF-α 
Cell cycle PI-staining cyclin D cyclin E PI-staining PI-staining 
MDA-MB-231 ↑ S-phase ↔ ↔ ↔ 
↑ subG1 
↑ G1-phase  
↓ S-phase 
MCF-10A ↔ ↔ ↔ ↔ ↔ 




From these results it can be seen that the cell cycle of breast cancer cell lines is affected 
with treatment (Table 8-4). Leptin treatment did not change cell cycle in any of the 
cells. The other treatments, insulin and TNF-α, seemed to have opposite effects on cell 
cycle. Insulin increased S-phase population in MDA-MB-231 breast cancer cells and 
cyclin gene expression in SK-BR-3 breast cancer cells, indicating growth promoting 
properties on both cells. TNF-α on the other hand, seemed to inhibit cell cycle 
progression and, at least in MDA-MB-231 breast cancer cells, may also have increased 





cycle progression. Taking into account the large, but just above significant level 
(p=0.051), decrease in G1-phase in MCF-10A cells into account, TNF-α had opposing 
effects on cell cycle in breast epithelial and breast cancer cells. 
 
8.2.5 Apoptosis 
In MDA-MB-231 breast cancer cells, 24 h treatment with TNF-α increased the amount 
of cells, whose DNA amount was below that of the G1-phase significantly by 27% (see 
section 5.3.3). In MCF-10A breast epithelial cells, 24 h treatment with insulin decreased 
detection of bound Annexin-V by 13% (see section 7.3.3.1). In SK-BR-3 breast cancer 
cells, 24 h treatment with insulin increased the amount of cells with high 
7-AAD-staining by 9% (see section 7.3.3.1).  
 
Table 8-5: Summary of all changes in apoptotic rate for all treatments and all methods. 
↑ increase, ↓ decrease, ↔ no change, NA not analysed 
 Insulin Leptin TNF-α 
Apoptosis Annexin-V 7-AAD BCL-2 subG1 subG1 subG1 
MDA-MB-231 ↔ ↔ ↔ ↔ ↔ ↑ 
MCF-10A ↓ ↔ ↔ ↔ ↔ ↔ 
SK-BR-3 ↔ ↑ NA ↔ ↔ ↔ 
 
Using the methods summarised in Table 8-5, it was observed that insulin and TNF-α, 
but not leptin had an effect on apoptosis. All cell lines were affected however by at least 
one treatment. Insulin decreased early apoptosis in MCF-10A cells and increased late 
apoptosis in SK-BR-3 cells. Leptin did not affect apoptosis, while TNF-α treatment may 






8.3 Insulin, leptin and TNF-α as mediators of increased breast cancer risk in 
obese postmenopausal women 
MDA-MB-231 breast cancer cells were the prime example of ER-negative breast cancer 
cells to examine the impact of insulin, leptin and TNF-α in an oestrogen independent 
manner. In MDA-MB-231 breast cancer cells only leptin induced cell proliferation (see 
footnote 1). The increase in leptin-induced proliferation in MDA-MB-231 cells is low 
compared to insulin-induced cell proliferation increases in MCF-10A cells (21% with 
leptin vs. 184% with insulin), increasing speculations on the physiological impact on 
this cell line, especially as other leptin concentrations (25 nM and 50 nM) showed a 
decrease in proliferation after 48 h treatment. The leptin induced increase in cell 
proliferation is most likely not mediated by the PI3-kinase or MAP-kinase cell 
signalling pathway, as no increase in AKT- or ERK1/2-phosphorylation with leptin 
treatment was observed, making the JAK2/STAT3 pathway the most likely candidate 
for this connection, which should be assessed in further experiments (see sections 4.4.1 
and 8.10). Cell proliferation after insulin treatment in MDA-MB-231 cells was assessed 
with a variety of techniques, returning conflicting results. Thus the impact of insulin on 
cell proliferation in MDA-MB-231 cells is inconclusive. Some discrepancies were 
observed with insulin treatment, which resulted in much higher increases of 
IR-phosphorylation, AKT-phosphorylation and ERK1/2-phosphorylation compared to 
the other two cell lines. None of these changes however convincingly increased cell 
proliferation or reduced apoptosis and the impact of the increase in cell cycle 
progression (S-phase population was increased) may be negligible. TNF-α exerted 
generally cell inhibitory effects on MDA-MB-231 breast cancer cells and may not 
increase proliferation or growth in these cells. Thus obesity-associated factors insulin, 





the observed changes however were not conclusive and their actual impact on these 
breast cancer cells may be negligible. Other adipokines, which were not yet tested on 
these cells, may also contribute to the link between obesity and ER-negative advanced 
breast cancer cells. 
 
All adipokines thought to increase proliferation were found to do so in MCF-10A breast 
epithelial cells
3
. This is an interesting and promising observation in linking these 
adipokines to higher risk of developing breast cancer in postmenopausal obese women. 
Diagnostic or treatment benefits may however be difficult to achieve, as many different 
factors are involved in mediating cell proliferation in MCF-10A cells. Insulin may be 
the best marker; this cell model has however some shortcomings regarding insulin (see 
section 8.8.1). It may be of great interest to examine cell proliferation after a 
combination of two or more adipokines and insulin to examine the total effect 
adipokines have on promoting cell proliferation in MCF-10A cells. A combination of 
several factors may better reflect the physiological environment in the obese. 
Furthermore examination of several adipokines and insulin may provide insights into 
whether these factor act additive, synergistic or inhibitory in combination. Finding these 
links may provide targets for disrupting adipokine cross-communications, unknown to 
date
4
. In summary, MCF-10A breast epithelial cells increase in cell proliferation after 
treatment with insulin, leptin, TNF-α and IL-6. Compared to the other treatments, 
TNF-α increased phosphorylation of ERK1/2 the most (144% increase for TNF-α, 78% 
                                                 
3
 The only adipokine not to increase cell proliferation in MCF-10A breast epithelial cells was 
adiponectin (see section 6.3.1), however adiponectin was hypothesised to decrease or to not 
change cell proliferation.  
4
 A summary of known and hypothesised cross-talks of adipokines with other cytokines is 





for leptin, 29% for insulin). The resulting increase in cell proliferation however is below 
that observed for insulin, indicating no correlation between ERK1/2-phosphorylation 
and cell proliferation. Thus all treatments, for which ERK1/2-phosphorylation was 
assessed, increased ERK1/2-phosphorylation in MCF-10A breast epithelial cells. As all 
treatments also increased cell proliferation it may be suggested that ERK1/2-
phosphorylation may be responsible for mediating the majority of induced increases in 
cell proliferation. Other cell signalling pathways however may also be involved in 
mediating this proliferative effect, as the amount of ERK1/2-phosphorylation increase 
did not correlate to the amount of change in cell proliferation. 
 
SK-BR-3 breast cancer cells were added to the study as a second ER-negative breast 
cancer cell line, primarily to examine the impact of the RAS and RAF mutations in 
MDA-MB-231 on insulin, leptin and TNF-α mediated changes in cell proliferation and 
especially in MAP-kinase cell signalling pathway activation with these obesity 
associated factors. Cell proliferation was strongly and significantly increased with lower 
leptin concentrations than used for the other experiments. The maximum increase in cell 
proliferation was around 6.25 nM leptin. No increase in cell proliferation however was 
observed at 100 nM leptin, which was the concentration used for the other experiments 
and may thus explain why leptin treatment did not have any other effect on this cell line. 
Cell proliferation also increased with TNF-α treatment, which can conclusively be 
backed up with an increase in ERK1/2-phosphorylation and the cell cycle data to 






In order to investigate the influence of RAS and RAF mutations on these factors one 
may compare ERK1/2-phosphorylation between MDA-MB-231 cells and SK-BR-3 
breast cancer cells by referring to Table 8-3. Insulin treatment increased 
ERK1/2-phosphorylation in MDA-MB-231 breast cancer cells, while it was decreased 
in SK-BR-3 breast cancer cells. TNF-α treatment increased ERK1/2-phosphorylation in 
SK-BR-3 breast cancer cells, while it was reduced in MDA-MB-231 breast cancer cells. 
Leptin treatment decreased ERK1/2-phosphorylation in both cell lines. It is highly 
unlikely that any of these observations could be explained by RAS and RAF mutations 
in MDA-MB-231 breast cancer cells and are more likely caused by specific actions of 
the treatment. Furthermore the excessive increase in ERK1/2-phosphorylation after 
insulin treatment in MDA-MB-231 breast cancer cells (easily the highest increase in 
ERK1/2-phosphorylation observed in the study presented here) after insulin treatment 
may not be caused by these mutations either, but rather be a reflection of an equally 
high increase in IR phosphorylation and AKT-phosphorylation, which in turn may be 
caused by the previously observed IR gene amplification in MDA-MB-231 breast 
cancer cells (Milazzo et al., 1992). Results from SK-BR-3 breast cancer cells imply that 
TNF-α may be an important obesity associated factor that could affect proliferation and 
progression of this type of breast cancer.  
 
8.4 Additional mediators 
8.4.1 Oestrogen 
Besides hyperinsulinaemia and impaired adipokine secretion, increased postmenopausal 
oestrogen exposure was suggested as a possible link between obesity and breast cancer 





menopausal status. Prior to menopause, obese women are exposed to lower 
concentrations of oestrogen compared to normal weight women. This may be caused by 
an interference of obesity with ovarian oestrogen production, most notably by a strong 
association of obesity with polycystic ovarian syndrome (PCOS). After menopause 
however oestrogen concentrations in normal weight women decrease, while adipose 
tissue in obese women continues to produce oestrogen and oestrogen concentrations are 
now higher than in normal weight women. This increases lifetime exposure to 
oestrogen, which is a contributing factor of increased breast cancer risk (Lippman et al., 
2001). Thus oestrogen is another hypothetical factor in mediating the obesity breast 
cancer link. With oestrogen being closely linked to the presence of its own receptor its 
effect is limited to a particular kind of cancer, unless oestrogen independent growth is a 
development of all breast cancers and not an ab initio determined feature. Even then, 
oestrogen would have no influence on breast cancer once it had developed ER 
negativity, i.e. in the advance stages of breast cancer development, which thus far have 
greatly eluded explanations for their independent growth mechanism. 
 
8.4.2 IGF-1 
The research field investigated in this study has long struggled with the paradox that 
epidemiological studies continuously link hyperinsulinaemia and type-2 diabetes with 
increased breast cancer risk and mortality and the apparent lack of insulin to stimulate 
breast cancer growth in in vitro and xenograft studies. In an attempt to address the issue, 
an axis from obesity to insulin resistance to increased insulin-like growth factor 
concentrations to breast cancer has been proposed (Kaaks and Lukanova, 2001; Kazer, 





insulin stimulates hepatic IGF-1 secretion (Boni-Schnetzler et al., 1991). Thus, with 
higher insulin concentrations present in the obese, the suggestion of increased IGF-1 
concentrations with obesity-related hyperinsulinaemia seems viable. Additionally, 
IGF-1 is a potent mitogen for cell growth and has been observed to increase cell 
proliferation of breast cancer cells (Rosen et al., 1991). Furthermore increased IGF-1 
concentrations have been identified as increasing risk for breast cancer development 
(Hankinson et al., 1998). Indeed many breast tumours and other cancers may be 
susceptible to inhibiting IGF-1 signalling (Sachdev and Yee, 2007). Furthermore studies 
indicate possible interactions between IGF-1 and oestrogen (Lanzino et al., 2008; 
Parisot et al., 1999) and IGF-1 and HER2 (Esparis-Ogando et al., 2008), suggesting the 
possibility of IGF-1 signalling inhibition in order to increase efficacy of therapies 
targeting ER or HER2. Thus IGF-1 plays an important role in breast cancer 
development and progression and increased IGF-1 circulating concentrations should be 
taken as indicators of increased breast cancer risk. Likewise IGF-1 signalling inhibition 
is a most promising field of breast cancer therapy and could be exploited to decrease 
resistance to non-toxic breast cancer therapies like tamoxifen and herceptin. Indeed the 
therapeutic potential of targeting IGF-1 signalling seems a far more promising target 
than insulin or any of the examined adipokines. Thus theoretically, there seems to be 
good evidence connecting insulin resistance with IGF-1 expression and IGF-1 
concentrations with breast cancer.  
 
A connection between IGF-1 concentrations and breast cancer has however only been 
observed for pre-menopausal breast cancer risk (Schernhammer et al., 2006). Thus there 





cancer risk. Furthermore there is considerable evidence that obesity and IGF-1 
concentrations do not correlate linearly (Frystyk et al., 1995; Frystyk et al., 1999; 
Frystyk et al., 2009; Renehan et al., 2006). These authors hypothesised that IGF-1 
concentrations would decrease as it has been known that obesity decreases GH 
secretion, the major stimulant for IGF-1 secretion. They were surprised by their 
observation that IGF-1 concentrations did not significantly decrease in moderately 




) but only in the severely obese 
(BMI>35 kg/m
2
). They concluded that obesity-related hyperinsulinaemia can 
compensate partly for the obesity-related GH decrease, with insulin being however a 
less potent stimulant than GH for IGF-1 secretion, hyperinsulinaemia cannot 
compensate for the obesity-induced decrease in GH secretion. This is reflected in the 
observation that IGF-1 concentrations were highest in overweight women with BMIs 
between 26-27.9 kg/m
2
 and lower for both lean (BMI<20 kg/m
2
) and obese women 
(BMI>30 kg/m
2
, Allen et al., 2003). Additionally a recent study observed increased 
IGF-1 concentrations after weight-loss in obese men, which suggested decreased IGF-1 
concentrations in obesity (Belobrajdic et al., 2010)
5
. Furthermore trying to evaluate the 
underlying factors of the obesity-breast cancer connection, Gunter and colleagues 
(2009) observed no correlation between BMI and IGF-1 concentrations in women that 
had never used hormone replacement therapy (HRT). The authors concluded that 
hyperinsulinaemia itself is responsible for mediating the obesity-breast cancer 
connection, rather than hyperinsulinaemia causing increasing IGF-1 concentrations, 
                                                 
5
 The study subjects were 76 men with a mean BMI of 32.8 kg/m
2
 prior to intervention. Weight 
loss and increase in IGF-1 concentrations were independent of dietetic approach (high 
carbohydrates (HC) vs. high protein (HP). Mean weight loss was 8.2 kg (HC) and 8.5 kg (HP). 
Total IGF-1 increased by 18% (HC) and by 23% (HP); bioactive (free) IGF-1 increased by 15% 





which in turn increases breast cancer risk. Thus there are considerable doubts about the 
significance of the obesity-IGF-1 connection. This leaves to draw two conclusions. First 
despite being a promising target to explain the obesity-postmenopausal breast cancer 
connection, IGF-1 does not correlate with either of them. Further investigation may 
provide however a link involving IGF-1 in the obesity-breast cancer scenario, e.g. in the 
adipocyte-tumour cell microenvironment of the breast or the life-time exposure to 
IGF-1, which was suggested by Rollison and colleague (2006
6
). Additionally, the 
possibility of an oestrogen-IGF-1 connection could be important in that obesity 
increases bio available oestrogen, which in turn could increase IGF-1 signalling (see 
section 8.6). Second, IGF-1 is an important risk marker for breast cancer and inhibition 
of IGF-1 signalling is a possible treatment option for pre-menopausal breast cancer. 
Thus its apparent non-involvement in the obesity-breast cancer connection should not 
distract from its important role in breast cancer. Indeed early clinical trials in cancer 
patients suggest benefits by inhibition of IGF-1 receptors alone or in combination 
therapies (Weroha and Haluska, 2008). 
 
8.5 Insulin and adipokines as breast cancer initiators and inducers of 
autocrine self-sustenance: a hypothesis 
In the study presented here, the effects of one isolated factor on breast cancer at a time 
were considered. It is of no doubt that in an individual all the examined factors, in 
addition to others, will have an influence on breast cancer aetiology and progression. 
This effect might be additive, synergistic, competitive, or mutually inhibitory. With an 
array of different growth promoting factors at its disposal, it might be conceivable that 
                                                 
6
 The authors of this case-control study measured IGF-1 concentrations in pre-menopause and 
examined its correlation with post-menopausal breast cancer. However no significant 





the individualised breast tumour will exploit one, or perhaps a selected group of obesity 
related factors, in order to achieve and maintain malignant growth. The development of 
ER-positive breast tumours may act as an example. Tumours achieve increased and 
sustained growth by increasing the amount of ER and exploiting its proliferative signal 
through modifications of cell signalling pathways, gene expression or suppression of 
apoptosis or a combination of all. In the obese patient, displaying signs of Metabolic 
Syndrome, a multitude of cytokines, hormones and other obesity related factors are in 
disarray. Several of these factors have increased circulatory concentrations in the obese, 
such as insulin, leptin, TNF-α and IL-6. The here presented results along with previous 
findings from other researchers indicate that many of these factors induce molecular 
changes in breast cancer cells and breast epithelial cells indicative of increased 
malignancy.  
 
While not directly assessed, one is inclined to speculate on the possible way, by which 
these increased circulatory factors in the obese postmenopausal women may promote 
and sustain malignant growth of the breast epithelium. In the obese setting a constant 
exposure to the obesity-associated growth promoting factors may increase cell 
proliferation in ductal or lobular breast endothelial cells. Evidence for this has been 
observed in the study presented here, where insulin (section 3.3.1), leptin (section 
4.3.1), TNF-α (section 5.3.1) and IL-6 (section 6.3.2) increased cell proliferation of 
MCF-10A breast epithelial cells. This increased proliferation may be balanced by other 
outside regulating factors that counteract the increased growth promoting signal, or may 
be balanced within the healthy cell to remain within consistent proliferation. The 





by increased adipokine availability. DNA mutation events occur continuously over life-
time and may affect at random a gene or the regulation of its expression. Mutations in 
those genes whose products have thus far inhibited the increased proliferative pressure 
may alter this regulatory mechanism and combined with other factors may tip a healthy 
epithelial cell towards malignant growth and carcinogenesis (Calvin, 1975). Some of 
these mutations can for example be seen in one of the breast cancer cell lines used in the 
cell model of the study presented here, without being necessarily involved in the 
carcinogenic process. MDA-MB-231 breast cancer cells have mutations in two of the 
kinases (KRAS and BRAF) involved in mediating cell signalling within the MAP-
kinase cell signalling pathway (Hollestelle et al., 2007). These mutations are generally 
not found in healthy cells. 
 
One may also speculate on whether the increased proliferative pressure exerted by the 
obesity-associated factors may increase the likelihood of any such mutations occurring, 
i.e. increased proliferative pressure itself acting mutagenic. While not inconceivable, the 
connection of forced DNA replication errors as a result of increased proliferative 
pressure seems unlikely. Thus one will proceed with the idea that a mutational chance 
event, independent of obesity, may manifest itself more readily in the obese than the 
normal weight women on the observed fact of increased proliferative signalling, and not 
on a potentially increased mutagenic pressure exerted by obesity associated factors. For 
example, obesity increases oestrogen availability in the obese postmenopausal woman. 
This does not lead per se to an increase in carcinogenesis or proliferation, if regulatory 
mechanisms, e.g. decrease in ER expression are in place in the healthy cell. A randomly 





expression is increased, which aids in carcinogenesis of the cell
7
. In the normal weight 
postmenopausal woman this event is not as dramatic as in the obese postmenopausal 
woman, since only the obese woman has increased oestrogen concentrations, which 
now exert an increased proliferative signal on those cells. Similar events are 
conceivable for insulin, leptin, TNF-α and other adipokines.  
 
Taking into account the rarity of mutagenic events, it seems conceivable that of the 
multitude of available obesity associated growth promoting factors, it may, in the most 
simplified case, only be one of those factors that now exerts a growth promoting signal 
in the newly formed cancer cell. Thus in keeping in line with the previous example, a 
cancer may grow only on the proliferative signal of e.g. oestrogen, if a mutation has 
increased the amount of ER expression for example. This consideration derives its 
validity from the observation that early stage breast tumours, which display this 
increased ER expression, are susceptible to treatment such as tamoxifen. If other factors 
were in play, tamoxifen treatment would not be beneficial. This partly explains the 
benefits of early detection and indeed many tumours show favourable outcomes, if 
detected and treated early. 
 
Other tumours however may not be detected and may develop oestrogen-independent 
growth. If oestrogen-independent growth occurs during tamoxifen treatment, the tumour 
develops tamoxifen resistance. There is also the possibility of the existence of ab initio 
oestrogen-independent cells within the tumour for which tamoxifen positively selects, 
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 Carcinogenesis involves in fact a number of mutations to develop a cancer cell. However for 





or which eventually become the dominant cell type of the tumour
8
. How can a tumour 
sustain oestrogen-independent growth? Going back to the initial situation of increased 
circulatory concentrations of a multitude of obesity associated growth promoting factors 
in the obese postmenopausal woman, it may be conceivable that the tumour or some of 
the tumour cells have developed a second way to promote growth by exploiting the 
growth promoting ability of e.g. leptin. Leptin receptor expression has been found in 
MDA-MB-231 breast cancer cells, which have achieved oestrogen-independent growth 
(Garofalo et al., 2006). There is also an observation that leptin receptor expression is 
more common in metastasised, i.e. more advanced, breast cancer (Ishikawa et al., 
2004). The development of this phenomenon may again not be triggered by obesity, but 
if such an event were to happen, the obese environment would more readily manifest its 
physiological impact. Leptin may promote cancer growth on its own or employ other 
growth promoting receptors to increase malignancy (see section 8.6).  
 
Lastly the breast tumour may develop growth independent of exogenous leptin, by 
increasing expression of leptin itself and thereby increasing independent growth. Thus 
obesity may affect the development and progression of breast cancer by increasing the 
effect of random carcinogenic mutational events, by facilitating the development of 
hormone independent growth and, as a result, promote adipokine autocrine self 
sustained growth. Indeed leptin expression has been observed in breast tumour samples 
(Ishikawa et al., 2004) and several breast cancer cell lines (O’brien et al., 1999). 
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 There is some awareness among researchers in the possibility that tumours quickly develop 
heterogeneity in their early development. Thus a resistance to a certain treatment may not 
develop during the treatment, even though this possibility is not excluded, but through treatment 
specifically selecting for tumour cells that were already treatment-resistance before the 
treatment commenced. If that be the case on a large scale than pre-screening of tumours 
becomes even more important and would give rise to a whole new treatment approach. However 





8.6 Cross-talk of adipokines and insulin with each other and other receptors 
as additional links in the obesity-postmenopausal breast cancer connection 
There are some indications that obesity associated factors may promote cancer growth 
by activating not only their own receptor, but also other receptors and thus exploit 
additional growth promoting facilities. In MCF-7 breast cancer cells, leptin increased 
phosphorylation of HER2 to a similar degree as EGF did (Fiorio et al., 2008). 
Furthermore Ob-R co-localised with HER2 suggesting physical interaction of these two 
receptors. Increased HER2 activity was suggested to increase cell proliferation in these 
cells (Fiorio et al., 2008). Thus besides acting through its own receptor to increase 
growth, leptin mediates its proliferative effect through cross activation of HER2. 
Additionally a possible cross talk between Ob-R and IGF-R has been reported (Ozbay 
and Nahta, 2008; Saxena et al., 2008). Both studies examined the effect of leptin and/or 
IGF-1 on MDA-MB-231 breast cancer cells amongst others. Both studies observed an 
increase in activation of Ob-R by IGF-1, only Saxena and colleagues (2008) however 
also observed an increase in IGF-1R phosphorylation after leptin treatment. Both 
studies also observed the highest increase in cell proliferation after co-treatment with 
leptin and IGF-1 (Ozbay and Nahta, 2008; Saxena et al., 2008). There may also be a 
cross talk between insulin and IGF-1 as both IR and IGF-1R consist of dimers and, if 
both receptors are expressed in the same cell line may form hybrid receptors, one 
subunit from the IR and one subunit from the IGF-1R (Pandini et al., 1999), which 
increases intra-cellular response to IGF-1 signalling and to a lesser extent insulin 
signalling (Pandini et al., 2002). While cross-talk of Ob-R with other receptors has not 
been explored extensively yet, there is considerable knowledge of a cross-talk between 





involved in the involvement of obesity in breast cancer as it involves the previously 
mentioned problem between IGF-1 and obesity. 
 
8.7 Obesity as diagnostic marker for breast cancer risk 
In this section it will be explored how findings of this study may aid the general and 
specialised physicians in identifying patients at-risk of obesity associated breast cancer. 
A female patient of peri-menopausal age presents at a clinic or GP. Measurements of 
body height, weight, waist circumference are used to identify total and abdominal 
obesity. Total and abdominal obesity are then part of the other usual characteristics of 
increased breast cancer risks, i.e., current age, family history of breast cancer, age at 
menarche, age at first full-time pregnancy, HRT-use, alcohol consumption, breast 
parity. These are inexpensive examinations that could identify at-risk patients without 
expensive, uncomfortable or invasive screening procedures. An at-risk patient would 
then be identified by having several risk-factors, or by having one risk-factor at the 
extreme, i.e. having one or more first-degree relatives with breast cancer or having 
severe (BMI>35 kg/m
2
) or morbid (BMI>40 kg/m
2
) obesity. For these patients, 
mammography will exclude the existence of breast cancer. For patients with first-degree 
relatives with breast cancer, mutational analysis for BRCA1-2, will exclude them from 
the at-risk patient group. Analysis of adipokine, insulin, IGF-1 and oestrogen 
concentrations may allow exclusion of patients from the at-risk group. All non-excluded 
patients may be offered preventive treatments. For those with several risk-factors, life-
style modifications
9
, where possible, may reduce their risk, e.g. cessation of HRT-use, 
decrease alcohol consumption, increased physical activity, increased consumption of 
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 A full list of suggested life-style choices for the prevention of cancer has been published by 





anti-oxidant-rich foods, etc. For patients with BRCA1-2 mutations increased screening 
should be applied and the possibility of preventive mastectomy should be offered
10
 
(Metcalfe, 2009). For severely and morbidly obese patients with increased serological 
risk-factors the possibility of bariatric surgery could be explored (McCawley et al., 
2009)
11
. Should that proof unavailable, a reduction in the serological risk-factors should 
be attempted. Body-weight reductions of only a few kilograms significantly improve the 
serological profile in obese patients, and may reduce breast cancer risk (Anderson and 
Caswell, 2009). Furthermore pharmacological intervention with glitazones, PPAR-γ 
agonists, which improves serological markers and metformin, an AMPK agonist, 
reduces hepatic gluconeogenesis, thus decreasing blood glucose and subsequently 
insulin secretion could be explored
12
. Preventive treatment with tamoxifen may also be 
indicated (Castrellon and Gluck, 2008). Thus, using obesity as a diagnostic marker, the 
identification of at-risk patients and the possibility of early intervention could be 
implemented for peri-menopausal women in an attempt to decrease breast cancer 
incidences.  
 
8.8 Study shortcomings and strengths 
8.8.1 Utilisation of a cell culture model 
The utilisation of a cell culture model has several advantages compared to mouse 
models or indeed experiments on humans. A cell culture is easily maintained, if 
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 One may also be reminded that patients with BRCA1/2 mutations also carry an increased risk 
of ovarian cancer development and need to be advised on preventive options. 
11
 Their study suggests that bariatric surgery may be used to prevent cancer development in 
obese women. 
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 In the last months several publications observed a decrease in breast cancer incidences in 
metformin users (Bodmer et al., 2010; Gonzalez-Angulo and Meric-Bernstam, 2010). 
Furthermore metformin treatment of breast cancer cells in vitro decreased cell proliferation and 





facilities exist and an established cell culture provides sufficient cells for multiple 
experiments and repeatability. Furthermore experimentation on cultured cells does not 
require ethical approval from outside the research institute and thus increases 
availability to more researchers and increases research output. Comparison to data in the 
literature is possible, if long established cells are used, such as MDA-MB-231 breast 
cancer cells. The availability of cells with specific requirements is possible, such as 
ER-negative breast cancer cells, e.g. MDA-MB-231, and ER-positive breast cancer 
cells, MCF-7, allowing to create a cell culture model specific to the requirements of the 





There was a determined intention to address the influence of obesity on breast cancer 
aetiology and understand the cell mechanisms that may be affected. This aspect of the 
connection between increased body weight and postmenopausal breast cancer had not 
been explored in the available literature. In order to address this issue, MCF-10A, a 
non-cancerous immortal breast epithelial cell line was studied to examine the effects of 
insulin and certain adipokines. This cell line had the advantage to grow at a similar rate 
as MDA-MB-231 breast cancer cells, thus allowing experiments to be carried out 
simultaneously on both cell lines, sometimes on all three cell lines, when SK-BR-3 cells 
were available. Furthermore the cell line grows adherent, thus the procedure of 
maintaining and assay analysis was the same between the three cell lines. Of major 
concern using this cell line was its insulin dependence. Normal growth medium was 
supplemented with 10 μg/ml insulin. This corresponds to approximately 1.7 µM 
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(molecular weight for insulin is 5808 Da). Since cell growth is dependent on insulin 
supplementation, the hypothesis that insulin will increase growth is essentially 
answered. This does not exclude this model however from being useful in this study’s 
analysis. The dependence of MCF-10A cells on insulin is rather another indication of 
the importance insulin plays in the promotion of breast cancer. Furthermore the growth 
promoting effects of insulin on MCF-10A cells may seem obvious from their growth 
medium composition, the exact molecular mechanisms of insulin’s action on these cells 
has not been examined and may provide insight on “where to look” in subsequent 
studies involving additional cell lines, mouse or patient samples. Thus even if the used 
insulin concentration was below the normal growth medium, this cell system provided 
the possibility to study the molecular mechanism involved in insulin signalling in breast 
epithelial cells. The utilisation of this cell line was therefore warranted to investigate the 
link between obesity and postmenopausal breast cancer. 
 
Obesity is affecting breast cancer risk according to menopausal status. Epidemiological 
studies indicate no correlation, or a slightly inverse correlation, between premenopausal 
breast cancer and BMI, thus increased body weight may be protective of premenopausal 
breast cancer. There is however a strong correlation between BMI and postmenopausal 
breast cancer. Interestingly premenopausal breast cancer, though far less common than 
postmenopausal breast cancer, is more often aggressive and with less favourable 
outcomes (Vetto et al., 2009). According to the supplied data sheet, MDA-MB-231 
breast cancer cells were harvested from a 51 year old woman. Her menopausal status is 
not given and the derived MDA-MB-231 breast cancer cells may represent a 





being tripe-negative (ER, PR, HER2 negative) is a feature more often observed in 
pre-menopausal breast tumours. Thus the choice of MDA-MB-231 breast cancer cell 
line may be controversial as it may represent a pre-menopausal breast cancer, which are 
not influenced or indeed inhibited by obesity. Even if MDA-MB-231 breast cancer cells 
were derived from a post-menopausal woman, their triple-negative status does reflect 
only a small number of post-menopausal breast cancer cases.  
 
8.8.2 Incubation in serum-free medium 
One of the assumptions that arose from the utilisation of a cell culture model is that 
during normal culture growth, the culture will be heterogenic with regard to their cell 
cycle stage. Thus the cells are generally proliferating in no distinct pattern. In this 
heterogenic setting any treatment would affect the cells differently thus providing a 
different cellular response and bias the true result of the treatment. To overcome this 
problem, before each treatment the cells were incubated in serum-free medium, which 
did not contain serum supplements
14
. Incubation in serum-free medium decreases the 
availability of growth factors and hormones usually found in serum, thus decreasing the 
growth stimuli to the cells. As a result cell growth is inhibited. The stage at which cell 
growth can be significantly halted is the G1 stage
15
. At this stage treatment should exert 
a uniform effect on the cells. Thus successful incubation in serum-free medium should 
increase the G1-phase cell population and decrease the remaining S-phase and G2-phase 
populations. The effect of incubation in serum-free medium is crucial to the subsequent 
treatment. If incubation in serum-free medium does not induce a significant inhibition 
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 See section 2.1.2 for a description of serum-free medium. MCF-10A serum-free medium had 
also all additional supplements (insulin, hydrocortisone. EGF, cholera toxin) removed. 
15
 If the cells remain in G1-phase significantly longer than the normal cell cycle, cells may enter 





of cell cycle progression the results may be biased or have decreased reproducibility, 
especially in short treatment times, where the diverse cell population may react 
increasingly different, according to how the cell population is distributed across the cell 
cycle stages. Only if a significant inhibition of cell progression can be achieved by 
incubation in serum-free medium will it be possible to reproduce a similar result after 
treatment.  
 
There are some indications that in MDA-MB-231 breast cancer cells that incubation in 
serum-free medium did not have the desired effect. In early BrdU-assays there was no 
significant difference between cells in growth medium and cells incubated in serum-free 
medium 
16
 (incubation time 24 h). Both samples also synthesised high amounts of 
Formazan. Similarly early western blotting analysis examining ERK1/2-
phosphorylation found phosphorylated ERK1/2 in cells incubated in serum-free medium 
for 24 h (see Appendix section 9.4.3), which should not be observable, as all exogenous 
growth factors had been removed by incubation in serum-free medium
17
. With no 
growth factors present, no activation of the cell signalling pathways was expected. 
Lastly comparing cell cycle in cells incubated in serum-free medium and serum-
supplemented cells resulted in no significant difference in amount of cell in the G1-
phase (Appendix section 9.3.3.1). Thus incubation in serum-free medium did not seem 
to arrest cell cycle in G1-phase. 
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 Total absorption values for serum supplemented cells were 1.83 vs. 1.68 for cells incubated in 
serum-free medium. By comparison the same values for MCF-10A cells were 1.77 and 0.3 for 
serum-supplemented and cells incubated in serum-free medium, respectively.  
17
 For comparison, one may refer to Frankenberry and colleague’s (2006) publication (Figure 4, 
p.989), where, using western blotting analysis, no phosphorylated ERK1/2 was observed after 





Similarly measuring apoptosis by Annexin-V detection relied on the ability of 
incubation in serum-free medium to increase apoptotic rate. From the cell cycle data it 
may however be concluded that the subG1 DNA content, a measure of apoptotic cells, 
in MDA-MB-231 breast cancer cell showed a significant reduction in subG1 cells after 
incubation in serum-free medium compared to cells in serum-supplemented growth 
medium (Appendix section 9.3.3.2). Similarly detection of bound Annexin-V and 7-
AAD staining was significantly increased in cells in growth medium, compared to cells 
incubated in serum-free medium (see Appendix 9.3.3.2). Thus incubation in serum-free 
medium did not induce apoptosis and may have actually decreased apoptosis, compared 
to cell in serum-supplemented medium.  
 
In MCF-10A breast epithelial cells incubation in serum-free medium
18
 did reduce 
BrdU-incorporation (see footnote 16). Analysis of cell cycle stages did however not 
show an increase in G1-phase population after incubation in serum-free medium (Figure 
3-11). All other cell cycle phases were affected by incubation in serum-free medium. 
Most notably is the increase in sub-G1 content, which comes at the expense of S-phase 
and G2-phase populations. A DNA-content below G1-content, i.e. a DNA-content that 
reflects cells containing less than one complete set of chromosomes, indicates DNA-
degradation, which in turn is indicative of increased apoptosis. This observation was 
different than the result for MDA-MB-231 breast cancer cells, where the sub-G1 
population decreased after incubation in serum-free medium. In support of this 
observation, a similar result was observed using the Annexin-V expression analysis (see 
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Appendix section 9.3.3.2). Annexin-V detection decreased after incubation in serum-
free medium in MDA-MB-231 cells, but increased after incubation in serum-free 
medium in MCF-10A cells. Thus incubation in serum-free medium produced opposing 
effects in MDA-MB-231 and MCF-10A cells. This may have an effect on the results in 
the here presented study that were all observed after incubation in serum-free medium. 
 
In SK-BR-3 breast cancer cells BrdU-incorporation was not assessed after growth in 
serum-supplemented medium. DNA-content and Annexin-V however were analysed 
after serum-supplemented growth. Interestingly SK-BR-3 cells were the only examined 
cell line that did not change their cell cycle profile after incubation in serum-free 
medium. While there were notable changes in sub-G1 population in MDA-MB-231 
(decrease) and MCF-10A (decrease) cells, sub-G1 population did not change in SK-BR-
3 cells (Figure 3-11). Simultaneously there is no increase in G1-phase population. A 
change in Annexin-V expression between cells grown in serum-supplemented medium 
and after incubation in serum-free medium was similarly not observed (Appendix 
section 9.3.3.2). Thus incubation in serum-free medium in SK-BR-3 breast cancer cells 
did not have the intended effects of increasing G1-phase population and so inhibiting 
cell cycle progression for the purpose of cell cycle synchronisation. Furthermore both 
insulin and leptin treatment decreased ERK1/2-phosphorylation. Thus after the initial 
24 h incubation in serum-free medium, SK-BR-3 breast cancer cells may still carry 
consecutively phosphorylated ERK1/2. This might be explained by these cells 
overexpressing the HER2/neu receptor, which in turn may provide a continuous signal 
for ERK1/2-phosphorylation, even in the absence of extracellular signals. Thus the high 





to interfere with this stimulation and subsequently reduce ERK1/2-phosphorylation. 
Thus this may be interpreted as another failure of incubation in serum-free medium to 
exert the desired effects of decreasing cell signalling in these cells.  
 
It can be concluded that incubation in serum-free medium had different and indeed 
opposite effects on the three examined cell lines. The use of incubation in serum-free 
medium is wide-spread in the published results examining the effect of endogenous 
factors, such as insulin, leptin, etc. on breast cancer. Thus incubation in serum-free 
medium does not uniformly produce the intended result and as cells incubated in serum-
free medium are used as a starting point for any investigation in the here presented 
study, results may be affected by the difference in incubation in serum-free medium. 
This does not decrease any confidence in the obtained results. The application of these 
results will however have to be validated in model systems that are able to closer mirror 
the actual breast environment.  
 
8.9 Originality of study 
This study is set in the emerging field of research on the co-morbidities of obesity. 
Many of these diseases are well known to the physician and researcher (heart disease, 
diabetes, cancer). The connection of obesity on several debilitating diseases however 
has grown in importance with the emergence of obesity as a global epidemic. 
Identification of molecular connections between obesity and its associated diseases has 
therefore equally gained momentum. This study provides new insights into the 
possibility of insulin as a possible connective factor. Insulin had been suggested as an 





identify insulin as a mitogenic factor. Here insulin was shown to stimulate growth of 
breast epithelial cells and activate cell signalling pathways associates with cancer 
growth in breast cancer and breast epithelial cells. Furthermore insulin was shown to 
reduce apoptosis and increase cell cycle progression in breast cancer cells. Similar 
observations have not been documented previously. Additionally this study added to the 
knowledge of leptin as a molecular marker connecting obesity and breast cancer. 
Similar to previous findings, this study observed increases in cell proliferation of breast 
cancer and breast epithelial cells with leptin treatment. Furthermore this study validated 
published findings on activation of cell signalling pathways in breast cancer and breast 
epithelial cells with leptin treatment. Thus this study added to the knowledge of leptin 
as a major molecular marker connecting obesity and breast cancer. This study identified 
TNF-α as adipokine involved in the obesity breast cancer connection, by observing 
increased cell proliferation and increased activation of cell signalling pathways in breast 
cancer cells (SK-BR-3 cells only) and breast epithelial cells. As a result of this study, 
TNF-α may be added to the obesity induced factors that could affect breast cancer 
development and progression. Additionally this study added to the understanding of the 
influence of two further adipokines (IL-6 and adiponectin) on cell proliferation in breast 
cancer cells and breast epithelial cells. Thus this study uncovered and supported new 
possibilities for the connection of obesity and breast cancer, which may add to the 
overall understanding of this connection and could aid in the identification of at-risk 
patients, the development of advanced screening methods and provide indications for 






8.10 Expanding the project 
There are a number of further investigations that could be explored directly within the 
current setting of the study. Some were planned to be performed as part of the study, but 
were left in favour of additional insulin experiments, some derived as a result of the 
observations after treatment. 
 
It would be interesting to employ Wortmannin and PD98059 in cell proliferation 
analysis after treatments with leptin and TNF-α. This would provide some indications 
on the utilisation of these pathways by leptin and TNF-α to promote proliferation. 
Furthermore it seems evident to examine changes in apoptosis with these treatments.  
 
The findings from the microarray are to be followed-up and validated. This would 
further increase the insights into the exact molecular changes that insulin causes in 
breast cancer cells and breast epithelial cells. It may also help to investigate the 
physiological changes in MDA-MB-231 breast cancer cells. These cells exhibit an 
excessive increase in IR phosphorylation combined with higher increases, than the other 
cell lines, in PI3-kinase and MAP-kinase cell signalling activity. Cell proliferation, 
apoptosis or cell cycle did however not change. Thus it remains unanswered, where this 
significant molecular change manifests in physiological terms. Changes in gene 
expression seem evident to be the next step to be examined. Furthermore changes in 







One may also want to increase experimentation on IL-6, for which only cell 
proliferation has been assessed. Also as more adipokines emerge, it will be interesting 
to assess the impact of some of the newly emerged ones. At the moment there does not 
seem to be a single adipokine that could convincingly be ascribed to promote the 
obesity breast cancer connection, although leptin has a frontrunner role within the 
literature at the time of writing. Thus further analysis of the impact of additional 
adipokines such as resistin, appelin, visfatin, omentin, PA-1, MCP-1 amongst others, on 
breast cancer cells may provide additional insights into the obesity postmenopausal 
breast cancer connection. 
 
Furthermore a targeted approach of combining adipokines and insulin in co-treatments 
to better reflect the physiological conditions may provide further insights, especially in 
the light of possible cross-links and synergistic effects. 
 
There is one further experiment that may carry high significance for the hypothesis 
presented in section 8.5, which is the evaluation of an autocrine feedback loop of leptin 
in MDA-MB-231 breast cancer cells. MDA-MB-231 breast cancer cells need to be 
incubated in serum-free medium for 24 h as previously and then treated with leptin 
antagonists or OB-R monoclonal antibodies to disrupt leptin signalling. After that cell 
proliferation and ERK1/2-phosphorylation is to be tested to estimate the effect of 
autocrine leptin signalling in these cells and possibly validate the speculations attempted 






There is the possibility of measuring cell proliferation, apoptosis and cell signalling 
pathway activation after treatment with insulin, leptin or TNF-α in primary breast 
cancer cells derived from breast cancer patients. Comparison would then be done 
according to obesity and diabetic status of the patient examined. Thus there would be 
four groups of breast cancer patients, non-insulin resistant normal weight, insulin 
resistant normal weight, non-insulin resistant obese and insulin resistant obese. This 
should provide insights into whether breast cancer in obese and/or insulin resistant 
patients are utilising insulin or any of the adipokines to increase cell proliferation. It 
would also provide insights into any differential effect obesity or insulin resistance may 
have on their respective breast cancer and whether there are common links between 
breast cancer from these different groups that might be exploitable in future breast 
cancer treatment. 
 
Additionally it would be interesting to investigate tumour growth in insulin resistant 
mouse models. Several mice model that mimic insulin resistance have been described 
(Nandi et al., 2004). Similarly tumours may be grown in db/db mice, which are OB-R 
deficient and therefore have increase circulatory leptin. Thus tumours would grow in an 
obese/hyperinsulinaemic environment in vivo and its effect could be closer reflected to 
the situation in humans. The current insulin resistant and db/db mice models however 
are not genetically immunocompromised, thus cannot act as xenografts. Furthermore 
control mice would have to come from a different mouse strain, thus there would be 
difficulties in the analysis. Ideally one would want a nude mouse model, which also 







The study presented here aimed to provide insights into the role that obesity and its 
closely associated condition insulin resistance may have on postmenopausal breast 
cancer risk and mortality. The results indicate that high concentrations of insulin, leptin 
and TNF-α had differential effects on breast cancer cells and breast epithelial cells. 
Especially the effects on breast epithelial cells are pronounced and indicate an 
involvement of obesity in breast cancer carcinogenesis. This finding has not been 
examined previously and will need to be evaluated by others to identify its significance. 
Leptin has emerged as an interesting adipokine, which probably exerts its effects most 
unanimously in breast cancer cells and breast epithelial cells. It may thus be an 
interesting target for intervention in upcoming studies. Thus this study has succeeded in 
uncovering some of the molecular effects that obesity-associated factors may have on 
breast cancer risk and mortality and may contribute in identifying intervention targets 








9.1 Comparison of cell proliferation in serum-supplemented and cells 























































Figure 9-1: Changes in BrdU-incorporation in A) MDA-MB-231 breast cancer cells and B) 
MCF-10A breast epithelial cells after growth in serum-free medium (Control) or supplemented 








































Figure 9-2: Changes in Formazan production in MDA-MB-231 breast cancer cells after growth 
in serum-free medium (Control) or supplemented growth medium (FCS). Values were assessed 






9.2 Cell proliferation after 48 h insulin treatment in the presence of BrdU for 
48 h 
One should expect to observe at least the same increase in proliferation after 48 h 
treatment than after 24 h treatment. Any change could then be attributed to the second 
24 h treatment period. In fact there is a methodological explanation for this observation. 
Analysis of cell proliferation after insulin treatment was performed to a slightly 
different protocol than after treatment with any of the adipokines. For cell proliferation 
analysis after 48 h insulin treatment, BrdU was only added after an initial 24 h 
treatment. Thus the value observed for the 48 h treatment is in fact only the value for the 
second 24 h treatment period. Thus in order to estimate the total increase in cell 
proliferation after 48 h treatment, one may be inclined to add the values obtained for 
24 h and 48 h treatment. For all the cell proliferation experiments after adipokine 
treatment BrdU was added for the entire treatment time, i.e. 24 h or 48 h. In doing so, 
the protocol established in the study presented here deviates significantly from the 
established protocol, which is also widely used among researchers. In this established 
protocol, BrdU would only be added for the last 4 h of any given treatment. This allows 
establishment of the status of cell proliferation after a given treatment time, but not 
during the entire treatment. On the other hand leaving BrdU for the entirety of the 
treatment may have the disadvantage that highly proliferating cells may reach the 
maximum linear absorbance values during the spectrophotometric analysis. According 
to the manufacturer the maximal linear absorption value for the utilised 
spectrophotometer was 3.5. The highest absorption value obtained in MDA-MB-231 
breast cancer cells, grown in fully supplemented growth medium with BrdU for 48 h 
was 2.7 (see also Figure 9-1, A). Thus the analysis supplementing BrdU for the duration 





was also hoped to capture any early change in cell proliferation, in the initial stages of 
the treatment, which would be lost, if not sustained, if BrdU was only added for the 
final 4 h of treatment. In order to assess this assumption one additional experiment, 
leaving BrdU for the entire 48 h insulin treatment, was performed, where this 































Figure 9-3: Changes in cell proliferation after treatment with 100 nM insulin for 48 h in MDA-
MB-231 breast cancer cells (blue) and MCF-10A breast epithelial cells (red). In this experiment, 
BrdU was added at the beginning of the 48 h incubation. For the presented results, BrdU was 





9.3 Flow cytometry examination 



















Figure 9-4: Histogram of PI-staining in MDA-MB-231 breast cancer cells grown in fully 
supplemented medium. This graph plots the number of cells (y-axis) against the level of PI-
staining (x-axis). The two dominant observable peaks correspond to a doubling in PI-intensity, 
thus are representative of G1-phase and G2-phase in the cell cycle. The area between those two 
peaks represents cells transitioning from G1-phase to G2-phase, i.e. cells in S-phase. Staining 
below the G1-peak indicates cells without a full set of chromosomes, i.e. cells in apoptosis. 
According to treatment, the number of cells in the different phases would shift and change the 
peak height, which can then be detected. Two smaller peaks may be identified at around 3-times 
and 4-times the intensity of the G-1 peak, which are indicative of two cells simultaneously 
entering the detection mechanism and producing a higher result. In the study presented here 



















Detection of Annexin-V Detection of Annexin-V  
Figure 9-5: Histogram data of Annexin-V detection in MCF-10A cells. These graphs plot the 
number of cells (y-axis) against the level of fluorescence detected (FITC-coupled bound 
Annexin-V, x-axis), corresponding to the distribution in apoptotic rate in the examined cell 
sample (10000 cells). Shown are histograms of cells in fully supplemented medium (FCS, red) 
and cells incubated in serum-free medium (Control, blue). Gate was placed so that 
approximately 50% of FCS cells were detected, corresponding to cells with high amounts of 
bound Annexin-V. The gate was identical for each treatment sample, thus detection of changes 





9.3.3 Flow cytometry controls 





































































































Figure 9-6: Changes of cell population distribution across cell cycle stages after growth in 
serum-free medium (Control) or supplemented medium (FCS) in A) MDA-MB-231 cells, B) 
MCF-10A cells and C) SK-BR-3 cells. Bars represent percentage of cells as obtained from a 
10000 cell sample. Error bars represent ± SEM of three experiments with two replicates for each 
treatment, i.e. 6 data points for each bar.  
* Significance value compared to control (grey) at that stage, obtained using Dunnett’s t-test 











































































































































































































Figure 9-7: Changes in Annexin-V detection (A, C, E) and 7-AAD staining (B, D, F) after 
growth in serum-free medium (Control) or fully supplemented medium (FCS) for 5 h or 24 h in 
A, B) MDA-MB-231 breast cancer cells, C, D) MCF-10A breast epithelial cells and E, F) SK-
BR-3 breast cancer cells. Bars represent percentage of cells above lower cut-off point in flow 
cytometry histogram (see Appendix section 9.3.2) in relation to control and expressed as a 
percentage thereof. Error bars represent ± SEM of three experiments with two replicates, i.e. six 
data points for each bar.  
* Significance value compared to control of the same treatment time, obtained using Dunnett’s 






9.4 Raw Data of Western Blotting for Antibody Specificity 
9.4.1 PCNA expression 
 


















Figure 9-8: Specificity of PCNA and actin antibody for results presented in section 7.3.1.2. 
Picture is raw western data, representative of three independent experiments in A) MDA-MB-
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Figure 9-9: Specificity of JC-1 and actin antibody for results presented in section 7.3.1.2. 
Picture is raw western data, representative of three independent experiments in MDA-MB-231 






9.4.3 ERK1/2-phosphorylation and expression 
Detection of ERK1/2-phosphorylation, using the approach outlined in Materials and 
Methods section 2.6, proved challenging. For consistency it was attempted to detect 
phosphorylated and total ERK1/2 on the same membrane, requiring the membrane to be 
“stripped” of their initial antibody detection, either phosphorylated or total protein, to be 
re-probed with the other. The second antibody detection was very inconsistent, possibly 
due to differences the “stripping” made to the protein epitope, immobilised to the 
membrane. This resulted in high variability after quantification and resulted in the 
shown large errors. Further experiments may explore the possibility of keeping analysis 
of phosphorylated and total protein on separate membranes, thus negating the necessity 
to “strip” the membrane and reducing the error. As a result the experiment would be 
open to increased operator error, as the same amount of protein has to be loaded on the 
gels. Thus the phosphorylation analysis using the ELISA kit (see section 2.3) should be 
favoured. 
0 15 15 30 30 60 60Time [min]
Phospho ERK1/2
(44 kDa and 42 kDa)
Total ERK1/2
(44 kDa and 42 kDa)
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Figure 9-10: Specificity of phosphorylated and total ERK1/2 antibody for results presented in 
section 7.3.2. Picture is raw western data, representative of three independent experiments in 





9.5 Gene expression results 




















Figure 9-11: Size of BCL-2 PCR-product and actin control. Picture is representative of three 
independent experiments in A) MDA-MB-231 breast cancer cells and B) MCF-10A breast 





































Figure 9-12: Size of cyclin D PCR-product and actin control. Picture is representative of three 
independent experiments in A) MDA-MB-231 breast cancer cells and B) MCF-10A breast 





































Figure 9-13: Size of cyclin E PCR-product and actin control. Picture is representative of three 
independent experiments in A) MDA-MB-231 breast cancer cells and B) MCF-10A breast 
epithelial cells and C) SK-BR-3 breast cancer cells. Picture is adapted to increase contrast. 
 
  XVI 
9.6 Microarray analysis 
 
Table 9-1: Raw data table with results from microarray analysis as described in section 7.3.4. All data is unaltered as obtained after densitometry for all four 






MCF-10A Control MCF-10A Insulin  
Gene description Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] 
Ribosomal protein S27a 352.56 348.04 448.68 660.68 
V-akt murine thymoma viral oncogene homolog 1 377.81 307.92 427.76 421.43 
Angiopoietin 1 334.32 257.06 423.71 404.17 
Angiopoietin 2 333.13 255.11 428.52 403.00 
Apoptotic peptidase activating factor 1 338.88 272.47 429.07 406.92 
Ataxia telangiectasia mutated 318.83 273.17 427.75 410.64 
BCL2-antagonist of cell death 310.03 271.94 423.68 403.18 
Brain-specific angiogenesis inhibitor 1 298.81 260.19 426.77 403.23 
BCL2-associated X protein 327.61 274.21 429.10 417.25 
B-cell CLL/lymphoma 2 335.77 272.90 426.80 411.91 
BCL2-like 1 356.01 299.56 426.73 408.78 
Baculoviral IAP repeat-containing 5 (survivin) 557.69 618.75 437.02 423.16 
Breast cancer 1, early onset 319.57 282.12 428.90 405.56 
Breast cancer 2, early onset 313.26 283.16 428.90 415.37 
Caspase 8, apoptosis-related cysteine peptidase 296.32 261.39 422.17 408.74 
Caspase 9, apoptosis-related cysteine peptidase 314.19 258.34 430.02 414.15 
Cyclin D1 314.34 278.11 424.68 416.61 
Cyclin E1 343.12 312.97 431.10 419.02 
CD44 molecule (Indian blood group) 333.63 307.55 432.29 416.90 






MCF-10A Control MCF-10A Insulin  
Gene description Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] 
Cell division cycle 25 homolog A (S. pombe) 355.28 343.10 453.17 484.95 
Cadherin 1, type 1, E-cadherin (epithelial) 296.17 262.00 428.33 404.37 
Cyclin-dependent kinase 2 326.18 283.08 428.43 409.03 
Cyclin-dependent kinase 4 914.87 952.61 636.50 1036.21 
Cyclin-dependent kinase inhibitor 1A (p21, Cip1) 1334.01 1214.62 1310.23 1385.98 
Cyclin-dependent kinase inhibitor 1B (p27, Kip1) 314.64 279.23 432.62 419.92 
Cyclin-dependent kinase inhibitor 2A (melanoma, 
p16, inhibits CDK4) 
311.83 275.22 428.92 413.44 
CASP8 and FADD-like apoptosis regulator 305.59 276.53 428.61 410.89 
CHK2 checkpoint homolog (S. pombe) 300.07 270.66 429.43 406.48 
Collagen, type XVIII, alpha 1 328.32 296.65 425.83 411.22 
Catenin (cadherin-associated protein), beta 1, 88kDa 305.37 252.84 423.29 405.66 
E2F transcription factor 1 424.17 356.16 430.00 407.83 
Epidermal growth factor (beta-urogastrone) 321.52 243.49 428.22 411.14 
Epidermal growth factor receptor (erythroblastic 
leukemia viral (v-erb-b) oncogene homolog, avian) 
326.01 310.97 439.67 452.29 
V-erb-b2 erythroblastic leukemia viral oncogene 
homolog 2, neuro/glioblastoma derived oncogene 
homolog (avian) 
345.09 329.02 453.75 467.79 
V-Ets erythroblastosis virus E26 oncogene homolog 2 
(avian) 
326.38 299.27 429.99 418.80 
Fibroblast growth factor 2 (basic) 297.53 249.26 428.15 407.45 






MCF-10A Control MCF-10A Insulin  
Gene description Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] 
Fibroblast growth factor receptor 2 (bacteria-
expressed kinase, keratinocyte growth factor receptor, 
craniofacial dysostosis 1, Crouzon syndrome, Pfeiffer 
syndrome, Jackson-Weiss syndrome) 
300.61 243.36 429.71 412.49 
Fms-related tyrosine kinase 1 (vascular endothelial 
growth factor/vascular permeability factor receptor) 
312.47 241.01 428.70 406.72 
V-fos FBJ murine osteosarcoma viral oncogene 
homolog 
319.59 245.39 497.87 497.31 
Granzyme A (granzyme 1, cytotoxic T-lymphocyte-
associated serine esterase 3) 
312.79 241.49 428.92 400.11 
Hepatocyte growth factor (hepapoietin A; scatter 
factor) 
290.87 268.17 421.52 412.70 
HIV-1 Tat interactive protein 2, 30kDa 336.21 302.90 463.18 484.16 
Intercellular adhesion molecule 1 (CD54), human 
rhinovirus receptor 
314.19 248.64 423.10 406.79 
Interferon, alpha 1 321.42 258.64 438.70 437.18 
Interferon, beta 1, fibroblast 330.05 252.89 433.29 413.10 
Insulin-like growth factor 1 (somatomedin C) 324.16 249.07 424.63 401.78 
Interleukin 8 569.06 429.12 425.88 410.58 
Integrin, alpha 1 299.92 251.18 430.36 400.69 
Integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 
receptor) 
301.08 259.54 423.49 413.15 






MCF-10A Control MCF-10A Insulin  
Gene description Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] 
Integrin, alpha 3 (antigen CD49C, alpha 3 subunit of 
VLA-3 receptor) 
671.81 642.82 557.61 594.34 
Integrin, alpha 4 (antigen CD49D, alpha 4 subunit of 
VLA-4 receptor) 
333.45 264.35 425.30 414.99 
Integrin, alpha 5 (fibronectin receptor, alpha 
polypeptide) 
311.85 259.06 423.09 403.84 
Integrin, alpha 6 308.72 268.44 425.02 403.88 
Integrin, alpha V (vitronectin receptor, alpha 
polypeptide, antigen CD51) 
301.99 266.28 428.45 403.92 
Integrin, beta 1 (fibronectin receptor, beta 
polypeptide, antigen CD29 includes MDF2, MSK12) 
1105.72 1002.09 1069.78 1111.56 
Integrin, beta 3 (platelet glycoprotein IIIa, antigen 
CD61) 
291.09 243.81 426.30 405.06 
Integrin, beta 5 376.56 344.41 454.79 457.75 
Jun oncogene 351.60 309.92 445.30 464.26 
CD82 molecule 323.22 279.15 422.11 408.35 
KiSS-1 metastasis-suppressor 309.16 277.28 424.17 407.98 
Mitogen-activated protein kinase kinase 1 338.38 315.19 432.66 421.29 
Mitogen-activated protein kinase 14 325.83 254.28 423.50 401.80 
Melanoma cell adhesion molecule 322.60 264.06 424.33 401.68 
Mdm2, transformed 3T3 cell double minute 2, p53 
binding protein (mouse) 
306.75 228.29 423.27 401.05 






MCF-10A Control MCF-10A Insulin  
Gene description Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] 
Met proto-oncogene (hepatocyte growth factor 
receptor) 
311.24 274.85 422.32 409.60 
MHC class I polypeptide-related sequence A 308.72 281.45 420.75 409.64 
Matrix metallopeptidase 1 (interstitial collagenase) 1294.53 1147.73 422.21 408.76 
Matrix metallopeptidase 2 (gelatinase A, 72kDa 
gelatinase, 72kDa type IV collagenase) 
350.02 292.40 458.08 437.33 
Matrix metallopeptidase 9 (gelatinase B, 92kDa 
gelatinase, 92kDa type IV collagenase) 
307.49 256.04 421.52 405.66 
Metastasis associated 1     425.15 404.94 
Metastasis associated 1 family, member 2 320.31 233.85 421.57 399.91 
Metastasis suppressor 1 316.88 228.77 419.26 399.77 
V-myc myelocytomatosis viral oncogene homolog 
(avian) 
309.90 289.62 435.68 433.81 
Neural cell adhesion molecule 1 296.05 269.35 423.25 410.11 
Nuclear factor of kappa light polypeptide gene 
enhancer in B-cells 1 (p105) 
403.36 361.45 497.67 480.28 
Nuclear factor of kappa light polypeptide gene 
enhancer in B-cells inhibitor, alpha 
574.36 578.76 559.32 479.15 
Non-metastatic cells 1, protein (NM23A) expressed 
in 
770.91 747.64 460.65 453.54 
Non-metastatic cells 4, protein expressed in 337.00 260.21 423.62 408.25 
Platelet-derived growth factor alpha polypeptide 317.50 241.78 417.92 403.57 






MCF-10A Control MCF-10A Insulin  
Gene description Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] 
Platelet-derived growth factor beta polypeptide 
(simian sarcoma viral (v-sis) oncogene homolog) 
348.96 266.20 430.90 410.24 
Phosphoinositide-3-kinase, catalytic, beta polypeptide 294.91 267.80 426.77 405.53 
Phosphoinositide-3-kinase, regulatory subunit 1 
(alpha) 
302.80 257.51 427.96 415.36 
Plasminogen activator, urokinase 771.95 750.53 1213.81 1031.28 
Plasminogen activator, urokinase receptor 400.62 352.00 440.47 420.50 
Pinin, desmosome associated protein 338.98 291.60 448.04 424.88 
Protein kinase, DNA-activated, catalytic polypeptide 294.96 253.91 414.81 405.98 
Phosphatase and tensin homolog (mutated in multiple 
advanced cancers 1) 
300.81 251.50 421.86 405.41 
V-raf-1 murine leukemia viral oncogene homolog 1 298.78 244.99 423.10 406.34 
RAS p21 protein activator (GTPase activating 
protein) 1 
303.15 264.89 418.44 405.85 
Retinoblastoma 1 (including osteosarcoma) 338.34 287.97 433.49 424.89 
S100 calcium binding protein A4 652.41 571.20 492.71 442.16 
Serpin peptidase inhibitor, clade B (ovalbumin), 
member 2 
370.54 342.78 450.62 445.38 
Serpin peptidase inhibitor, clade B (ovalbumin), 
member 5 
313.31 279.74 851.05 586.65 






MCF-10A Control MCF-10A Insulin  
Gene description Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] 
Serpin peptidase inhibitor, clade E (nexin, 
plasminogen activator inhibitor type 1), member 1 
293.28 266.38 414.20 403.44 
Synuclein, gamma (breast cancer-specific protein 1) 308.47 257.75 426.48 411.67 
V-src sarcoma (Schmidt-Ruppin A-2) viral oncogene 
homolog (avian) 
291.93 235.80 417.54 410.51 
Spleen tyrosine kinase 311.88 264.86 421.24 404.77 
TEK tyrosine kinase, endothelial (venous 
malformations, multiple cutaneous and mucosal) 
319.03 268.12 419.13 404.40 
Telomerase reverse transcriptase 314.22 274.48 422.23 404.79 
Transforming growth factor, beta 1 302.38 273.09 419.67 402.93 
Transforming growth factor, beta receptor I (activin 
A receptor type II-like kinase, 53kDa) 
292.69 267.80 422.41 405.38 
Thrombospondin 1 292.64 256.02 419.78 404.25 
Thrombospondin 2 304.45 244.96 411.50 405.92 
TIMP metallopeptidase inhibitor 1 1589.64 1500.90 1373.70 1213.22 
TIMP metallopeptidase inhibitor 3 (Sorsby fundus 
dystrophy, pseudoinflammatory) 
368.39 372.57 742.70 493.35 
Tumor necrosis factor (TNF superfamily, member 2) 313.48 286.20 422.81 404.60 
Tumor necrosis factor receptor superfamily, member 
10b 
644.39 703.62 836.77 644.69 






MCF-10A Control MCF-10A Insulin  
Gene description Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] 
Tumor necrosis factor receptor superfamily, member 
1A 
323.89 303.62 454.63 417.27 
Tumor necrosis factor receptor superfamily, member 
25 
304.58 263.74 445.50 433.29 
Fas (TNF receptor superfamily, member 6) 299.47 246.72 417.50 402.80 
Tumor protein p53 311.93 239.56 412.28 398.89 
Twist homolog 1 (acrocephalosyndactyly 3; Saethre-
Chotzen syndrome) (Drosophila) 
320.06 239.70 413.37 402.60 
Ependymin related protein 1 (zebrafish) 298.68 290.26 418.30 407.60 
Vascular endothelial growth factor A 302.31 281.18 419.30 406.71 
  XXIV 







MCF-10A Control MCF-10A Insulin  
Gene description Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] Density [INT/mm2] 
Controls         
plasmid 308.65 280.09 430.14 405.79 
BLANK 311.09 268.65 432.50 407.91 
BLANK 327.09 264.25 433.72 413.55 
Artificial Sequence 328.23 259.36 428.25 408.70 
Artificial Sequence 321.00 251.98 416.10 400.24 
Artificial Sequence 319.92 249.29 411.95 402.79 
GAPDH 665.38 876.03 663.72 489.39 
Beta-2-microglobulin 507.91 628.48 934.89 625.04 
Heat shock protein 90kDa 1760.15 2043.07 1507.53 1092.25 
Heat shock protein 90kDa 1657.35 1900.26 1446.71 1301.54 
beta actin 2343.24 2417.29 1806.32 1449.34 
beta actin 2347.66 2405.67 1717.69 1356.20 
biotinyated artificial sequence 404.74 349.01 440.19 417.98 

































































Effect of hyperinsulinaemia and impaired adipokines secretion on proliferation of 













Centre for Obesity Research and Epidemiology (CORE), The Robert Gordon 
University Aberdeen, UK 
2
University of Aberdeen, Aberdeen, UK 
 
Recent findings suggest a connection between obesity and breast cancer. Obesity is 
associated with impaired secretion of adipokines and, through the metabolic syndrome, 
promotes hyperinsulinaemia.  
This project investigated the effect of hyperinsulinaemia and impaired adipokine 
secretion on proliferation of two Estrogen-Receptor (ER) negative breast cancer cell 
lines (MDA-MB-231, SK-BR-3) and one ER-negative normal breast epithelial cell line 
(MCF-10a).  
Cells were incubated with insulin (100 nM), leptin (100 nM), TNF-alpha (10 ng/ml), 
IL-6 (10 ng/ml) and adiponectin (500 ng/ml) for 24 or 48h and cell proliferation was 
assessed by BrdU incorporation. Mean of control was compared to treatment by two-
tailed t-test. *p<0.05; **p<0.01; ***p<0.001.  
 
Results: 
Cell line BrdU-incorporation [% of control] 
 Insulin Leptin TNF-alpha IL-6 Adiponectin 
 24 h 48h 24 h 48h 24 h 48h 24 h 48h 24 h 48h 
MDA-MB-231 99 82*** 121** 101 104 99 104 96 102 97 
MCF-10a 284*** 137** 97 114* 126** 138** 109 138** 91 91 
 
MDA-MB-231 cancer cells are least likely to respond to insulin and adipokines 
stimulation. SK-BR-3 cancer cell proliferation is increased by TNF-alpha treatment, 
whereas 24h IL-6 and adiponectin treatments reduced cell proliferation. Normal breast 
epithelial cell (MCF-10a) proliferation is highly increased with insulin treatment, and 
stimulated with 48h leptin, TNF-alpha and IL-6 treatments. These preliminary results 
suggest that hyperinsulinaemia and impaired adipokines secretion may affect 
carcinogenesis of breast epithelial cells rather than increasing cancer progression. 
 
Breast Cancer Campaign and Research & Development Initiative at RGU supported this 
work. 
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Obesity increases breast cancer incidence rates in postmenopausal women. Chronic high 
levels of insulin, present in the majority of obese and insulin resistant patients, may 
provide the growth promoting stimulus to explain this connection. In this work, the 
cancer progression and cancer initiating properties of high insulin levels were examined 
in breast cancer cells (MDA-MB-231) and breast epithelial cells (MCF-10a), 
respectively.  
High insulin levels (100 nM) induced differential changes in cell proliferation in the two 
cell lines used. Human Cancer PathwayFinder DNA Microarrays (SABiosciences) were 
used to examine gene expression changes after insulin treatment. High insulin levels 
increased expression of genes involved in cell cycle control (e.g. cyclin D1) and DNA 
damage repair (e.g. ATM) in MDA-MB 231 cells and in MCF-10a cells (e.g. cyclin E1, 
CDC25a). Expression of genes responsible for mediating apoptosis and cell senescence 
(e.g. APAF, BAD, bcl-X) was decreased after insulin treatment in MDA-MB 231 cells 
but the expression of the same group of genes did not change in MCF-10a cells. High 
insulin levels increased expression of genes encoding for signal transduction molecules 
(e.g. AKT1) and transcription factors (e.g. FOS, JUN, MYC), and of genes responsible 
for invasion and metastasis (e.g. MMP2) in MCF-10a cells whereas gene expression of 
the same groups of genes did not change or was decreased in MDA-MB 231 cells. 
These results suggest a role for insulin resistance in breast cancer initiation and 
progression, aggravating the potential of breast cancer to evade apoptosis, to metastasise 
and may promote carcinogenesis of healthy epithelial cells. 
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Gene expression increased after treatment
Gene expression decreased after treatment
Breast cancer is prevailing as the most diagnosed
cancer in women. Obesity and its co-morbidities,
including type-II diabetes, are increasing to epidemic
proportions.
A pathological link between obesity, breast cancer risk
and mortality has been established recently.
Insulin resistance has been closely associated with
obesity. It is considered a pre-stage of type 2 diabetes
and is characterised by chronic high circulating levels
of insulin.
Previously we have demonstrated the ability of high
insulin levels to differentially activate insulin receptor,
PI3- kinase and MAP-kinase cell signalling pathways
in MDA-MB 231 human breast cancer cells and in
MCF-10a human normal breast epithelial cells in
addition to increase cell proliferation in MCF-10a cells.
We here demonstrate changes in gene expression
profiles after treatment of both cell lines with 100 nM
insulin for 1 h.
Insulin-induced gene expression changes in breast 
cancer cells and normal breast epithelial cells
Weichhaus, M1, Broom, J1, Wahle, K2, Heys, S2, Bermano, G1
1Centre for Obesity Research and Epidemiology (CORE), The Robert Gordon University, Aberdeen, UK
2Departement of Surgery, University of Aberdeen, Aberdeen, UK
Objective
To examine the effects of high insulin levels (100




Oligo GEArray® Human Cancer PathwayFinder™
Microarray from SABiosciences was used to detect
gene expression changes.
Extract RNA 
(ArrayGrade™ Total RNA Isolation Kit from 
SABiosciences)
Seed, Starve and Treat cells
Biotin labelling of RNA





(Oligo GEArray® Human Cancer PathwayFinder™
Microarray from SABiosciences)
Chemiluminescent Detection
CCD Camera or X-ray film
Figure 1: Flowchart of Microarray-analysis
Results Summary and Conclusion
Control 100 nM Insulin
Figure 2: Representative image of microarray result
Detailed Results
High insulin levels increased expression of genes
involved in cell cycle control (e.g. cyclin E1) and DNA
damage repair (e.g. ATM) in MDA-MB 231 cells and in
MCF-10a cells (e.g. CDC25a).
Expression of genes responsible for mediating
apoptosis and cell senescence (e.g. APAF, BAD, bcl-
X) was decreased after insulin treatment in MDA-MB
231 cells but the expression of the same group of
genes did not change in MCF-10a cells.
High insulin levels increased expression of genes
encoding for signal transduction molecules (e.g.
AKT1) and transcription factors (e.g. FOS, JUN,
MYC), and of genes responsible for invasion and
metastasis (e.g. MMP2) in MCF-10a cells whereas
gene expression of the same groups of genes did not
change or was decreased in MDA-MB 231 cells.
These results suggest a role for insulin resistance in
breast cancer initiation and progression, aggravating
the potential of breast cancer cells to evade apoptosis,
to metastasise and may promote carcinogenesis of
healthy epithelial cells.
Corresponding author: Dr. Giovanna Bermano, g.bermano@rgu.ac.uk
AcknowledgementsTable 1: Changes in gene expression expressed as fold
of expression in control cells, i.e. expression in control
cells is 1.0
≥1.5 gene expression increased with treatment (green)
≤0.7 gene expression decreased with treatment (orange)
“UP”: expression only detected in treated cells
“DOWN”: expression only detected in control cells
“ND”: No expression detected in either cells
Funding received:
• Research and Development
Initiative (RDI), The Robert
Gordon University
• Breast Cancer Campaign
Gene description MDA-MB-231 MCF-10a Gene description MDA-MB-231 MCF-10a
Ribosomal protein S27a 1.1 8.3 Jun oncogene 1.5 3.8
V-akt murine thymoma viral oncogene homolog 1 0.6 UP CD82 molecule ND ND
Angiopoietin 1 0.2 ND KiSS-1 metastasis-suppressor ND UP
Angiopoietin 2 0.9 ND Mitogen-activated protein kinase kinase 1 0.7 1.2
Apoptotic peptidase activating factor 1 0.3 ND Mitogen-activated protein kinase 14 DOWN ND
Ataxia telangiectasia mutated 0.8 ND Melanoma cell adhesion molecule 0.4 ND
BCL2-antagonist of cell death 0.7 ND
Mdm2, transformed 3T3 cell double minute 2, p53 
binding protein (mouse)
DOWN ND
Brain-specific angiogenesis inhibitor 1 0.7 ND
Met proto-oncogene (hepatocyte growth factor 
receptor)
UP ND
BCL2-associated X protein 1.2 UP MHC class I polypeptide-related sequence A UP ND
B-cell CLL/lymphoma 2 6.1 UP Matrix metallopeptidase 1 (interstitial collagenase) 0.8 ND
BCL2-like 1 2.5 ND
Matrix metallopeptidase 2 (gelatinase A, 72kDa 
gelatinase, 72kDa type IV collagenase)
0.4 1.5
Baculoviral IAP repeat-containing 5 (survivin) 1.3 2.9
Matrix metallopeptidase 9 (gelatinase B, 92kDa 
gelatinase, 92kDa type IV collagenase)
DOWN ND
Breast cancer 1, early onset 2.8 ND Metastasis associated 1 DOWN ND
Breast cancer 2, early onset 0.6 UP Metastasis associated 1 family, member 2 DOWN ND
Caspase 8, apoptosis-related cysteine peptidase 0.7 ND Metastasis suppressor 1 ND ND
Caspase 9, apoptosis-related cysteine peptidase 0.9 UP
V-myc myelocytomatosis viral oncogene homolog 
(avian)
ND UP
Cyclin D1 UP ND Neural cell adhesion molecule 1 ND ND
Cyclin E1 4.0 UP
Nuclear factor of kappa light polypeptide gene 
enhancer in B-cells 1 (p105)
0.8 1.4
CD44 molecule (Indian blood group) 3.7 UP
Nuclear factor of kappa light polypeptide gene 
enhancer in B-cells inhibitor, alpha
1.1 1.0
Cell division cycle 25 homolog A (S. pombe) 1.3 4.1
Non-metastatic cells 1, protein (NM23A) expressed 
in
1.0 1.9
Cadherin 1, type 1, E-cadherin (epithelial) DOWN ND Non-metastatic cells 4, protein expressed in 0.4 0.7
Cyclin-dependent kinase 2 0.5 UP Platelet-derived growth factor alpha polypeptide DOWN ND
Cyclin-dependent kinase 4 1.1 2.4
Platelet-derived growth factor beta polypeptide 
(simian sarcoma viral (v-sis) oncogene homolog)
0.3 ND
Cyclin-dependent kinase inhibitor 1A (p21, Cip1) 0.9 1.4
Phosphoinositide-3-kinase, catalytic, beta 
polypeptide
UP UP
Cyclin-dependent kinase inhibitor 1B (p27, Kip1) UP ND
Phosphoinositide-3-kinase, regulatory subunit 1 
(alpha)
ND 1.8
Cyclin-dependent kinase inhibitor 2A (melanoma, 
p16, inhibits CDK4)
ND ND Plasminogen activator, urokinase 1.0 1.2
CASP8 and FADD-like apoptosis regulator ND ND Plasminogen activator, urokinase receptor 1.1 1.7
CHK2 checkpoint homolog (S. pombe) ND ND Pinin, desmosome associated protein 1.5 1.2
Collagen, type XVIII, alpha 1 1.7 ND
Protein kinase, DNA-activated, catalytic 
polypeptide
ND ND
Catenin (cadherin-associated protein), beta 1, 
88kDa
DOWN ND
Phosphatase and tensin homolog (mutated in 
multiple advanced cancers 1)
DOWN ND
E2F transcription factor 1 0.9 ND V-raf-1 murine leukemia viral oncogene homolog 1 DOWN ND
Epidermal growth factor (beta-urogastrone) 0.3 ND
RAS p21 protein activator (GTPase activating 
protein) 1
ND ND
Epidermal growth factor receptor (erythroblastic 
leukemia viral (v-erb-b) oncogene homolog, avian)
2.6 4.6 Retinoblastoma 1 (including osteosarcoma) 2.4 2.6
V-erb-b2 erythroblastic leukemia viral oncogene 
homolog 2, neuro/glioblastoma derived oncogene 
homolog (avian)
1.2 2.5 S100 calcium binding protein A4 0.9 0.9
V-Ets erythroblastosis virus E26 oncogene homolog 
2 (avian)
1.7 ND
Serpin peptidase inhibitor, clade B (ovalbumin), 
member 2
1.2 2.0
Fibroblast growth factor 2 (basic) ND ND
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Recent findings suggest a connection between obesity and breast cancer. Obesity is 
linked with higher incidences of insulin resistance as part of the metabolic syndrome, 
resulting in chronically elevated insulin plasma levels. We examined the effect of high 
insulin concentrations (100 nM) on estrogen-receptor (ER) negative breast cancer cells 
(MDA-MB-231) and normal breast epithelial cells (MCF-10a). 
Treatment with high insulin concentrations increased insulin receptor (IR) 
phosphorylation significantly in both cell lines. Phosphorylation of protein kinase B 
(Akt), representative of PI3-kinase cell signalling pathway activation was increased by 
101% (p=0.0112) in MDA-MB-231 cells and by 81% (p=0.0031) in MCF-10a cells 
after 10 min insulin treatment. Phosphorylation of extracellular regulated kinase 1/2 
(ERK1/2), representative of MAP-kinase cell signalling pathway activation did not 
change in both cell lines after 10 min of insulin treatment. Cell proliferation did not 
change in MDA-MB-231 cells and increased by 75% (p=0.0067) in MCF-10a cells after 
24 h insulin treatment. Cell proliferation was decreased in MDA-MB-231 cells by 15% 
(p=0.0083) after 1 h treatment with PD98059, a MAP-kinase inhibitor. In MCF-10a 
cells cell proliferation was decreased by 51% (p<0.0001) after 1 h treatment with 
wortmannin, a PI3-kinase inhibitor and by 56% (p=0.236) after 1 h treatment with 
PD98059.  
These preliminary findings suggest that insulin resistance may increase carcinogenesis 
of breast epithelial cells but may not increase cancer progression in ER-negative breast 
tumours. Both the PI3-kinase and MAP-kinase pathway may be responsible for 
mediating insulin induced cell proliferation. Further studies are needed to verify the 
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1. To examine the effects of high insulin levels (100 nM) on 
phosphorylation of Insulin Receptor in cancerous 
MDA-MB-231 and normal  breast epithelial MCF-10a cells. 
2. To examine activation of PI3-kinase and MAP-kinase cell 
signalling pathways after insulin treatment.
3. To examine cell proliferation in cancerous MDA-MB-231 and 
normal  breast epithelial MCF-10a cells after insulin 
treatment. 
4. To examine the role of PI3-kinase and MAP-kinase cell 
signalling pathways in cell proliferation.
Recent findings suggest a connection between obesity and breast
cancer. Obesity is linked with higher incidences of insulin
resistance as part of the metabolic syndrome, resulting in
chronically elevated insulin plasma levels. We examined the
effect of high insulin concentrations (100 nM) on estrogen-
receptor (ER) negative breast cancer cells (MDA-MB-231) and
normal breast epithelial cells (MCF-10a).
Treatment with high insulin concentrations increased insulin
receptor (IR) phosphorylation significantly in both cell lines.
Phosphorylation of protein kinase B (Akt), representative of PI3-
kinase cell signalling pathway activation was increased by 101%
(p=0.0112) in MDA-MB-231 cells and by 81% (p=0.0031) in MCF-
10a cells after 10 min insulin treatment. Phosphorylation of
extracellular regulated kinase 1/2 (ERK1/2), representative of
MAP-kinase cell signalling pathway activation did not change in
both cell lines after 10 min of insulin treatment. Cell proliferation
did not change in MDA-MB-231 cells and increased by 75%
(p=0.0067) in MCF-10a cells after 24 h insulin treatment. Cell
proliferation was decreased in MDA-MB-231 cells by 15%
(p=0.0083) after 24 h treatment with PD98059, a MAP-kinase
inhibitor. In MCF-10a cells cell proliferation was decreased by
51% (p<0.0001) after 24 h treatment with wortmannin, a PI3-
kinase inhibitor and by 56% (p=0.236) after 24 h treatment with
PD98059.
These preliminary findings suggest that insulin resistance may
increase carcinogenesis of breast epithelial cells but may not
increase cancer progression in ER-negative breast tumours. Both
the PI3-kinase and MAP-kinase pathway may be responsible for
mediating insulin induced cell proliferation. Further studies are
needed to verify the involvement of the MAP-kinase pathway in
cell proliferation in MDA-MB-231 cells.
1. High insulin levels affect both cancerous MDA-MB-231 cells and normal breast 
epithelial MCF-10a cells.
2. Activation of Insulin Receptor, PI3-kinase and MAP-kinase cell signalling 
pathways is higher in cancerous MDA-MB-231 cells than in normal breast 
epithelial MCF-10a cells.
3. But only normal breast epithelial MCF-10a cells respond to high insulin 
stimulation with increased cell proliferation, pointing to a role of insulin 
resistance in breast cancer initiation.
4. High insulin levels stimulate cancerous MDA-MB-231 cells, but the 



































High insulin levels and Insulin Receptor phosphorylation
ELISA kits were used to measure IR phosphorylation after 2 min treatment with 
100 nM Insulin
High insulin levels and PI3-kinase cell signalling pathway activation
ELISA kits were used to measure protein kinase B (Akt) phosphorylation after 5-10 
min treatment with 100 nM Insulin
High insulin levels and MAP-kinase cell signalling pathway activation
ELISA kits were used to measure ERK1/2 phosphorylation after 5-20 min treatment 
with 100 nM Insulin
High insulin levels and cell proliferation
BrdU-incorporation was used to measure cell proliferation after treatment for 
24 h with 100 nM Insulin alone or in combination with either 100 nM 
wortmannin or 50 µM PD98059.
All experiments are expressed as mean sem of three experiments with two replicates 
(n≥6), except BrdU (n≥18). T-test has been used to compare control to treatment.
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A growing number of clinical studies validate a relation of insulin resistance and breast 
cancer in obese patients. We hypothesised that high plasma insulin levels cause aberrant 
insulin signalling in breast epithelial cells which may be responsible for an increase in 
cell proliferation, indicative of potential carcinogenesis and increased cancer 
progression. It was of particular interest to determine any differences of high insulin 
concentrations in activating the phosphoinositide-3 kinase (PI-3 kinase) pathway or the 
mitogen-activated protein kinase (MAP kinase) pathway, the latter being linked to 
increased cell proliferation.  
We used two cell line models to investigate the carcinogenic (MCF-10A, immortalised 
breast epithelial cells) and cancer progression (MDA-MB-231, ER-negative breast 
cancer cells) potential of insulin. Insulin treatment (100 nM, 24 h) increased cell 
proliferation in MCF-10A cells, but had no cell proliferative effect on MDA-MB-231 
cells. Additionally expression of PCNA as marker of proliferation was tested. The use 
of PI-3 kinase and MAP kinase specific inhibitors (Wortmannin and PD98059, 
respectively) demonstrated both pathways being responsible for the observed increase in 
cell proliferation (MCF-10A). Simultaneous treatment with both inhibitors eliminated 
insulin induced cell proliferation entirely. Phosphorylation of ERK1/2 was examined as 
specific activity measurement of MAP kinase pathway. Insulin induced higher 
phosphorylation levels in MCF-10A cells than in MDA-MB-231. 
These preliminary results suggest that insulin may initiate carcinogenesis of breast 
epithelial cells by increasing cell proliferation rather than increasing cancer progression 
of existing tumours. These effects may be mediated by insulin activating both the 
PI-3 kinase and the MAP kinase signalling pathways. 
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1. To examine the effects of high insulin levels
(100 nM) on cell proliferation in MDA-MB-231
and MCF-10a cells.
2. To examine activation of PI3-kinase and
MAP-kinase cell signalling pathways after
insulin treatment.
3. To examine the role of PI3-kinase and MAP-
kinase cell signalling pathways in insulin-
mediated cell proliferation.
Breast cancer is prevailing as the most diagnosed
cancer in women. Obesity and its co-morbidities,
including type-II diabetes, are increasing to epidemic
proportions.
A pathological link between obesity, breast cancer
risk and mortality has been established recently1.
Insulin resistance is a pre-malignant indicator of
type-II diabetes and closely linked with obesity. Its
molecular implications result in chronically elevated
circulating insulin plasma levels.
Here we examine the effect of high insulin levels on
cell proliferation, activation of PI3-kinase and MAP-
kinase cell signalling pathways in estrogen-receptor
negative (ER-) breast cancer cells (MDA-MB-231) and
on normal breast epithelial cells (MCF-10a).
1. Further preliminary results indicate an activation
of MAP-kinase cell signalling pathway after 15
min of insulin treatment in MCF-10a cells (data
not shown).
2. Insulin may initiate carcinogenesis of breast
epithelial cells by increasing cell proliferation
(MCF-10a), rather than increasing cancer
progression of existing tumours (MDA-MB-231).
3. These effects may be mediated by insulin
activating the MAP-kinase pathway.
4. The MAP-kinase pathway may be a future target
































































This study was supported by NHS Endowment Trust and
Research and Development Initiative (RDI) at RGU
MW was supported with a travel grant by the Association for
the Study of Obesity (ASO).
Effects of high insulin levels on cell proliferation
BrdU-incorporation was used to measure DNA-synthesis after
24 and 48 h treatment with 100 nM insulin
High insulin concentrations increased cell
proliferation in normal breast epithelial cells, but not
in ER- breast cancer cells.
Results
Effect of high insulin levels on activation of PI3-
kinase and MAP-kinase cell signalling pathways
ELISA kits were used to measure Akt and ERK1/2
phosphorylation after 5 and 10 min treatment with 100 nM
insulin and with/without pre-treatment (100 nM wortmannin or
50 µM PD98059).
High insulin concentrations activated the PI3-kinase,
but not the MAP-kinase cell signalling pathway in ER-
breast cancer cells and in normal breast epithelial
cells.
Results
Inhibition of cell signalling pathways and effects
on cell proliferation after insulin stimulation
DNA-synthesis was measured during 24 h treatment with 100
nM insulin following cell signalling pathway inhibition by 1 h







Inhibition of the MAP-kinase pathway reduced cell
proliferation in ER- breast cancer cells. In normal
breast epithelial cells, inhibition of MAP-kinase
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